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RICHNESS AND DIVERSITY OF HELMINTH COMMUNITIES IN THE JAPANESE GRENADIER 
ANCHOVY, COILIA NASUS, DURING ITS ANADROMOUS MIGRATION IN THE YANGTZE 
RIVER, CHINA 
Wen X. Li, Hong Zou, Shan G. Wu, Rui Song, and Gui T. Wang* 
Key Laboratory of Aquatic Biodiversity and Conservation of Chinese Academy of Sciences, and Institute of Hydrobiology, Chinese Academy of 
Sciences, Wuhan, Hubei Province 430072, China. e-mail: gtwang@ihb.ac.cn 
ABSTRAcr: To determine the relationship between the species richness, diversity of helminth communities, and migration distance 
during upward migration from coast to freshwater, helminth communities in the anadromous fish Coilia nasus were investigated along 
the coast of the East China Sea, the Yangtze Estuary, and 3 localities on the Yangtze River. Six helminth species were found in 224 C. 
nasus. Changes in salinity usually reduced the survival time of parasites, and thus the number of helminth species and their abundance. 
Except for the 2 dominant helminths, the acanthocephalan Acanthosentis cheni and the nematode Contracaecum sp., mean abundance 
of other 4 species of helminths was rather low « 1.0) during the upward migration in the Yangtze River. Mean abundance of the 2 
dominant helminths peaked in the Yangtze Estuary and showed no obvious decrease among the 3 localities on the Yangtze River. 
Mean species richness, Brillouin's index, and Shannon index were also highest in the estuary (1.93 ± 0.88, 0.28 ± 0.25, and 0.37 ± 0.34, 
respectively) and did not exhibit marked decline at the 3 localities on the Yangtze River. A significant negative correlation was not seen 
between the similarity and the geographical distance (R = -0.5104, P = 0.1317). The strong salinity tolerance of intestinal helminths, 
relatively brief stay in the Yangtze River, and large amount of feeding on small fish and shrimp when commencing spawning migration 
perhaps were responsible for the results. 
The anadromous Japanese grenadier anchovy, Coilia nasus 
(Temminck & Schlegel, 1846), is distributed in the northwestern 
Pacific. The fish usually feeds and overwinters in the coastal 
waters and spawns in freshwater. When the anchovy population 
distributed in coasts of the East China Sea commences migration, 
the fish can be first found in the Yangtze Estuary in February and 
the middle reaches of the Yangtze River in April (Yuan et aI., 1980; 
Yuan, 1987; Li et aI., 2007). The anchovy returns to the coasts when 
spawning is completed from April to October in the same year in 
the Yangtze River (Yuan et aI., 1980; Yuan, 1987; Li et aI., 2007). 
With adaptation of fish to a decline of salinity, parasites in the 
fish also need to cope with changes in the osmotic pressure. A 
long stay would reduce survival of the freshwater parasites in salt 
water or marine parasites in freshwater. The mean intensity of 1 
freshwater ectoparasite and 2 endoparasites in Oncorhynchus 
nerka decreased when reared in seawater for 32-40 wk (Bailey 
et aI., 1989). Survival time of the nematode larva Anguillicoloides 
crassus in intermediate and paratenic hosts was maximal in 
freshwater and declined with an increase in salinity (Kirk et aI., 
2000). Populations of the freshwater monogenean Gyrodactylus 
salaris in Atlantic salmon Salrno salar declined and became 
extinct when salinity increased from 7.5% to 33.0% after a few 
minutes (Soleng and Bakke, 1997). Although some Anisakis spp. 
larvae with high salinity tolerance survived for more than half a 
year in freshwater, some survived less than 3 mo (Moller, 1978). 
In a previous study, the prevalence and mean abundance of 
marine parasites in the anadromous fish C. nasus decreased when 
spawning was completed in freshwater and returned to the 
Yangtze Estuary (Li et aI., 2011). These results suggested that 
species richness and abundance of the marine parasites in C. nasus 
would decrease with the increasing migration distance when the 
fish migrated from the coast to the low and middle reaches of the 
Yangtze River. 
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To determine the relationship between the species richness 
and diversity of helminth communities and migration distance, 
helminth communities in the anadromous fish were investigated 
in 5 localities along the migration route to the middle reaches of 
the Yangtze River. 
MATERIALS AND METHODS 
Anchovies, C. nasus, were sampled at Zhoushan (122°12'E, 300 62'N) on 
the coast of P. R. China, Chongming (121 °5I'E, 31°63'N) in the Yangtze 
Estuary, and Jingjiang (1200 25'E, 32°00'N), Nanjing (118°76'E, 32°04'N), 
and Anqing (117°02'E, 300 55'N) along the Yangtze River (Fig. I). The 
Zhoushan Islands are located on the coast of the East China Sea; salinity 
there is about 30% all year round. Anchovies usually feed and overwinter 
near the islands. The Chongming Island lies in the Yangtze Estuary and is 
close to the migration route for anchovies to the Yangtze River. Salinity 
varies from 5% to 10% in the estuary (Kong et aI., 2004). Three localities, 
i.e., Jingjiang, Nanjing, and Anqing, in the low and middle reaches of the 
Yangtze River are freshwater habitats and spawning grounds of the 
anchovy. The distance is more than 100 km between any 2 localities in the 
river. 
To obtain the anchovies migrating upward, all fish samples in the 5 
localities were collected within 10 days in early April 2009. Although the 
fish samples collected in the 5 localities were multiple subpopulations 
arriving from different parts of coast in the East China Sea, but helminth 
community structure in the fish from the same coast was considered 
identical. Fish caught were examined within 24 hr. The total length of each 
fish was measured after being killed; at necropsy, the gills, stomach, 
intestine, and pyloric caeca of the fish were carefully removed and 
examined. Helminths were identified and counted using a dissecting 
microscope. The parasites that could not be identified were fixed in 70% 
alcohol for further morphological identification in the laboratory. 
The prevalence and mean abundance of the parasites in each locality, as 
defined by Bush et al. (1997), were calculated. The degree of aggregation 
was measured by the variance to mean abundance ratio. The helminth 
communities were analyzed at the infracommunity level. The measures 
calculated included the mean number of helminth species per fish in each 
locality, mean number of helminth individuals per fish in each locality, the 
Shannon-Wiener index (as H = -"LPi InP;, where Pi is the proportion of 
the individuals in the ith species), and Brillouin's index per fish (B = [InN! 
- "Llnni!] JV 1, where ni is the number of individuals in the ith species, and 
N the total number of individuals per fish). Similarities between individual 
fish were compared between each 2 localities using the quantitative 
percentage similarity index (P = "Lmin (Px;, Py;), where Pxi and Pyi are 
the proportions of parasite species i in the x and y host populations, 
respectively), as described by Hurlbert (1978). The dominant species was 
determined by the Berger-Parker dominance index (as d = NmaxlNT, 
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FIGURE 1. Sampling location of Coilia nasus in China (A). Five 
sampling localities (e) along the migration route of C. nasus (B). The 
arrows (~) represent the direction of upward migration from the coast to 
the Yangtze River. 
where Nmax is the number of individuals in the most abundant species, and 
NT the total number of individuals in the community) at component 
community level. 
Mean fish length was compared between localities using the Kolmo-
gorov-Smirnov test. Differences in mean abundances of each helminth 
among different localities were tested using the Kruskal-Wallis test 
(nonparametric multiple comparison tests). Correlation between the simi-
larity and geographical distance between any 2 helminth communities was 
analyzed by Spearman's rank correlation. Statistical analyses were 
performed using the STATISTICA statistical package (Release 6.0, 
StatSoft Inc., Tulsa, Oklahoma). 
RESULTS 
Six helminth species were found in 224 anchovies from the 5 
localities, i.e., 2 monogeneans Heteromazocraes lingmueni and 
Helciferus tenuis on the gills, 1 digenean Elytrophallus coiliae in 
the stomach, 1 acanthocephalan Acanthosentis cheni in the intestine 
and pyloric caeca, and larvae of the nematodes Anisakis simplex 
(sensu lato) and Contracaecum sp. in the intestine. The prevalence 
and mean abundance of H. lingmueni, H. tenuis, E. coiliae, and A. 
simplex (sensu lato) were all rather low (less than 20% in prevalence 
and 1.0 in mean abundance) at the 5 sampling sites. The prevalence 
and mean abundance of the other 2 helminths, A. cheni and 
Contracaecum sp., were high in the 5 localities (Fig. 2). No 
apparent decrease in the mean abundance was observed for the 6 
helminth species among the 3 localities on the Yangtze River. The 
mean abundance of A. simplex (sensu lato) was, however, sig-
nificantly higher at Anqing than Zhoushan (P < 0.05), and that of 
Contracaecum sp. was significantly higher at the Chongming and 
Nanjing sites than Zhoushan (P < 0.05) (Fig. 2). Variance to mean 
ratio of A. cheni was highest at Zhoushan and Chongming, and 
highest at Chongming for Contracaecum sp. The aggregation 
degree of the same 2 parasites decreased sharply at the other 3 
localities on the Yangtze River (Fig. 3). 
There were no significant differences in the fish length among 
the 5 localities (P > 0.05). No significant correlations were found 
between the fish length and mean abundance of the 6 parasites 
(P> 0.05). 
Except for the absence of H. tenuis and E. coiliae at Anqing, all 
6 species of parasites were present at the other 4 localities. The 
mean number of species and individual helminths was the highest 
at Chongming (with 1.9 ± 0.9 and 18.7 ± 21.9, respectively). The 
Brillouin's index and Shannon-Wiener index were highest at 
Chongming (with 0.28 ± 0.25 and 0.37 ± 0.34, respectively). 
However, there was no obvious decrease in the mean species 
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FIGURE 2. Mean abundance (0) and prevalence (e) of 6 species of 
helminths in C. nasus from the 5 localities Zhoushan (ZS), Chongming 
(CM), Jingjiang (JJ), Nanjing (NJ), and Anqing (AQ). Heteromazocraes 
lingmueni (A), Helciferus tenuis (B), Elytrophallus coiliae (C), Anisakis 
simplex (sensu lato) (D), Contracaecum sp. (E), Acanthosentis cheni (F). 
Bars represent standard deviation. 
richness and diversity indexes among the 3 localities on the 
Yangtze River. The dominant species was the acanthocephalan A. 
cheni in Zhoushan and the nematode larvae Contracaecum sp. 
in the other 4 localities (Table I). The correlation between the 
similarity and the geographical distance was not significant 
(Fig. 4, R = -0.5104, P = 0.1317). 
DISCUSSION 
The mean species richness and helminth numbers peaked in the 
Yangtze Estuary and were then constant at the 3 localities on the 
Yangtze River. Parasite diversity exhibited the same variation in 
trend. Unexpectedly, these results indicated that there was no 
marked decrease in the mean species richness or diversity of 
helminth communities with increasing migration distance. 
When the anchovy continued upward migration in the Yangtze 
River, there were no evident decreases in the mean species rich-
ness and the diversity index among the 3 localities. Especially, no 
significant difference in mean abundance of the 2 dominant 
helminthes, A. cheni and Contracaecum sp., was found. The acan-
thocephalan A. cheni was found in intestine and pyloric caeca and 
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FIGURE 3. Variance-to mean-ratio of Contracaecum sp. (+) and A. 
cheni (-e-) at the 5 localities Zhoushan (ZS), Chongming (CM), 
Jingjiang (JJ), Nanjing (NJ), and Anqing (AQ). 
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TABLE I. Characteristics of helminth communities in Coilia nasus from 5 localities in the coast, estuary, and the Yangtze River. The diversity indexes 
with the bold type were the highest at Chongming. 
Characteristics Zhoushan Chongming Jingjiang Nanjing Anqing 
Sample size 50 46 46 40 42 
Mean fish length ± SD (cm) 26.33 ± 4.09 25.97 ± 1.76 25.0S ± 3.73 25.59 ± 2.IS 27.06 ± 2.77 
Total no. of species 6 6 6 6 4 
Mean no. of species ± SD 1.44 ± 0.93 1.93 ± 0.88 1.76 ± 0.S5 1.75 ± 0.S9 I.S0 ± 0.76 
Mean no. of helminth individuals ± SD S.44 ± 12.13 18.65 ± 21.91 9.43 ± S.40 11.33 ± 10.0 10.36 ± 9.76 
Brillouin's index ± SD 0.19 ± 0.26 0.28 ± 0.25 0.24 ± 0.25 O.1S ± 0.21 0.23 ± 0.20 
Shannon-Wiener index ± SD 0.24 ± 0.35 0.37 ± 0.34 0.34 ± 0.36 0.26 ± 0.32 0.33 ± 0.32 
Berger-Parker index 0.51 0.60 0.66 0.73 0.61 
Dominant species Acanthosentis cheni Contracaecum sp. Contracaecum sp. Contracaecum sp. Contracaecum sp. 
the nematode Contracaecum sp. in intestine. The constant mean 
abundance among the 3 localities perhaps was due to the stable 
osmotic pressure condition in intestine of their hosts (Moller, 
1978) and the strong salinity tolerance of endohelminths. Larvae 
of A. crassus, a nematode in swimming bladder of their hosts, 
survived up to 100 days in freshwater, 70 days in 50% seawater, 
and 40 days in 100% seawater (Kirk et aI., 2000). No significant 
differences in survival (32- to 40-wk experiment) of the cestodes 
Eubothrium sp. and Proteocephalus sp. and the acanthocephalan 
Neoechinorhynchus salmonis in intestine were observed between 
the host sockeye salmon (0. nerka) smolts held in freshwater 
or saltwater (Bailey et aI., 1989). In freshwater at 10 C, the 
endohelminth Anisakis larvae when removed from the host and 
the nematode cysts in vitro can survive more than 2 mo (Moller, 
1978). However, H. tenuis on the gills and E. coiliae in the 
stomach were absent from Anqing, the locality most distant from 
the estuary. Osmotic pressure in stomach changed easily with 
the water salinity outside the fish, and the ectoparasite was 
stenohaline; i.e., Argulus foliaceus could survive about 2 wk 
(Moller, 1978). Thus, the absence of H. tenuis and E. coiliae at the 
Anqing locality was due to the unstable osmotic pressure in 
stomach and the stenohalinity of ectoparasites. The ectoparasite 
H. lingmueni was also observed in the anchovy in the middle 
reaches of the Yangtze River, with a prevalence of 13.4% and an 
intensity of 1.38 (Zhang et aI., 2003). Therefore, the helminths in 
intestine could survive for longer periods because of the strong 
salinity tolerance and stable osmotic pressure, whereas the 
survival of ectohelminths and helminths in the stomach was 
affected by the changes in salinity. 
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FIGURE 4. Relationship between the percentage similarity index of 
helminth communities and the geographical distance between each 2 
localities (R = -0.5104, P = 0.1317). 
Besides the strong salinity tolerance of helminths in intestine, the 
relatively short stay in freshwater habitats for C nasus was another 
important reason for the constant mean species richness and 
individual at the 3 localities on the Yangtze River. The anchovy 
commenced migrating from February and was found in the middle 
reaches of the Yangtze River in April; a migrating speed of about 
23 km per day was estimated (Yuan, 1987). These results suggest 
that the time during upward migration of the fish from the coast to 
the middle reaches of the Yangtze River was less than 2 mo. In this 
period survival of the helminths in the intestine and the pyloric 
caeca of Coilia nasus, such as the 2 dominant helminthes, A. cheni 
and Contracaecum sp., was hardly affected in freshwater. There-
fore, the no marked decrease in the mean species richness and 
helminth individual with increasing migration distance perhaps was 
due to the strong salinity tolerance of the intestinal helminths and 
not their long presence in freshwater habitats. 
In addition, the species richness and mean helminth individual 
was highest in Chongming when C nasus migrated from the coast 
to the Yangtze Estuary, which weakened the decrease in the mean 
species richness and helminth individual with increasing migration 
distance. The species richness and abundance of endoparasites 
were usually related to the intermediate hosts and food items of 
the fish (Dogiel et aI., 1961). The number of parasite species of 
brackish water fishes was lower than that of marine fishes because 
of the absence of marine and freshwater intermediate hosts 
(Moller, 1978). However, the highest species diversity was found 
in the brackish Baltic Sea by examination of metazoan parasite 
communities of European eels (Anguilla anguilla) in freshwater, 
brackish water, and marine localities in northern Germany; the 
main cause was that the medium salinity conditions favored both 
marine and freshwater parasite species (Jakob et aI., 2009). In the 
present study, no freshwater helminth was found in the Yangtze 
Estuary. Species and abundance of zooplankton, as the interme-
diate hosts of many nematodes and acanthocephalans, in the 
Yangtze Estuary, were significant lower than those in the coast (Ji 
and Ye, 2006). However, the highest species richness and helminth 
individuals were found in the Yangtze Estuary, which may be 
explained by the feeding habits of C nasus. Before commencing 
migration, the anchovy consumed a large amount of food 
(Zhuang et aI., 2006). The fish reached the Yangtze Estuary had 
consumed a large amount of small fish and shrimp on the coast, 
thereby leading to the increase in the number of helminth 
individuals (Li et aI., 2011). Therefore, the feeding habit was 
responsible for the highest mean species richness and individuals 
of helminth communities in the Yangtze Estuary. 
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Although no significant decrease in the mean species richness 
and helminth individuals was observed, there was a sudden 
decline when the anchovy moved from the estuary to the Yangtze 
River. The sudden decrease of salinity may have adverse effects 
on the survival of helminths (Moller, 1978; Soleng and Bakke, 
1997; Kirk et al., 2000). Some individuals of the 2 dominant 
helminths were lost when the anchovy migrated from brackish 
water to freshwater. In addition, dispersal ability or swimming 
ability of the fish may be affected by higher inten~ity of helminths, 
which cause the decreases of individual helminths when the 
anchovy entered freshwater. Eels with high intensity of A. crassus 
were recaptured closer in distance and earlier in time than less 
infested individuals. Thus, it seems that infected eels migrate 
closer to the mainland, making them more likely to be caught in 
the fishery (Sjoberg et al., 2009). The average parasite loads of 
summer-breeding adults decreased with increasing migration 
distance to the wintering sites, suggesting that the most heavily 
infected individuals were not successful in reaching the most 
northerly breeding sites (Alerstam et al., 2003). The decrease in 
mean abundance and overdispersion suggested some of the fish 
with high intensity were lost (Anderson and Gordon, 1982; Rousset 
et al., 1996). In the present study, mean abundance (Figs. 2E, F) 
and variance to mean ratio (Fig. 3) of the 2 dominant helminthes, 
A. cheni and Contracaecum sp., peaked in the estuary and declined 
in Jingjiang on the Yangtze River. Perhaps the anchovies heavily 
infected by A. cheni and Contracaecum sp. were more likely to be 
caught or could not move upward to the Yangtze River further. 
Therefore, the decreases in mean species richness and individuals 
were due to the sudden decline of salinity and decreasing number of 
heavily infected anchovies. 
Since mean species richness and individual were highest in the 
Yangtze Estuary and remained constant among the 3 localities on 
the Yangtze River, no significant decline of the similarity with the 
migration distance was found when C. nasus migrated from the 
coast to the Yangtze River. The decline in similarity with geo-
graphical distance is a general pattern of parasite communities 
in resident fish (Poulin, 2003; Oliva and Gonzalez, 2005) and 
migratory fish (Jakob et al., 2009; Sjoberg et al., 2009; Thieltges 
et al., 2010). In the present study, however, only a slight decreasing 
trend of the similarity with geographical distance was found. The 
decline of similarity with migration distance perhaps was 
weakened by other factors, such as the strong salinity tolerance 
of seawater helminths, and not the long stay in freshwater 
inhabits, or a large amount offeeding before migration of C. nasus 
commenced. 
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SEQUENTIAL AND CONCURRENT EXPOSURE OF FLOUR BEETLES (TRIBOLIUM 
CONFUSUM) TO TAPEWORMS (HYMENOLEPIS DIMINUTA) AND PESTICIDE 
(DIATOMACEOUS EARTH) 
Allen W. Shostak 
Department of Biological Sciences, University of Alberta, Edmonton, Alberta T6G 2E9, Canada. e-mail: al.shostak@ualberta.ca 
ABSTRACT: The response of Tribolium confusum to sublethal levels of 2 environmental stressors was studied, i.e" parasitic infection 
represented by the cestode Hymenolepis diminuta, and a physical stressor represented by the natural pesticide diatomaceous earth (DE). 
These were applied sequentially (DE, then infection) to detect indirect or carryover effects of DE, and concurrently (DE applied 
immediately after exposure to parasites and DE presence maintained throughout the infection) to detect direct effects of DE. DE alone, 
but not parasitism alone, produced significant host mortality, and concurrent treatment with DE and parasitism did not increase 
mortality over DE alone. Parasite abundance was significantly higher following sequential, but not concurrent, DE exposure. Parasite 
abundance in mated hosts was significantly higher than in virgin hosts. Parasitic infection resulted in significantly fewer eggs retained 
in the oviduct of beetles, but there was no difference in the number of eggs that accumulated in the culture medium and no difference in 
the surface-seeking behavior of beetles. Mating status of beetles in all treatments, and DE exposure in concurrent treatments 
significantly increased their surface-seeking behavior. Concurrent exposure to DE also resulted in a 4- to 6-fold increase in host egg 
numbers that accumulated in the culture medium. Although DE exposure increased parasite numbers in the beetles, these 2 stressors 
otherwise appeared to act independently. 
Organisms encounter numerous biotic and abiotic stressors in 
the environment that, when present in combination even at 
sublethal levels, can modify the effect of one another (Marcogliese 
and Pietrock, 2011). Studies on pollution and parasitism in 
aquatic habitats are particularly common (Lafferty and Kuris, 
1999; Coors and De Meester, 2008; Morley, 2010), and obser-
vations range from simple additive effects to synergistic or even 
antagonistic interactions amongst stressors. Thus, through direct 
and indirect mechanisms, stressors such as environmental 
pollutants have the potential to interact with naturally occurring 
parasitic infections and alter host-parasite relationships (Lafferty 
and Kuris, 1999; Marcogliese and Pietrock, 2011). Another 
approach to the study of multiple stressors, and one that con-
centrates on terrestrial systems, is found in the field of insect pest 
management. Here, the environmental pollutant takes the form of 
deliberately applied pesticides, and the infectious agent is either 
naturally occurring or deliberately administered. These types of 
studies aim to identify interactions between the pesticide and 
infection that might produce enhanced treatment effects (primar-
ily as increased mortality) against the pest. The systems studied, 
almost exclusively (Lord, 2001; Purwar and Sachan, 2006; 
Michalaki et aI., 2007; Gatarayiha et aI., 2010; Riasat et aI., 
2011), have involved fungal infections in beetles (Coleoptera). 
However, species of tenebrionid beetles, in addition to being 
important pest species of stored grains, are also susceptible to 
infections by bacteria (Shrestha and Kim, 2009), protozoans 
(Schreurs and Janovy, 2008), nematodes (Ramos-Rodriguez et aI., 
2007), and cestodes (Voge and Heyneman, 1957). 
The cestode Hymenolepis diminuta has been studied extensively 
as a model for terrestrial host-tapeworm interactions. A single 
exposure to eggs of H. diminuta can kill the intermediate host 
Tribolium conjusum if coupled with brief host starvation, and 
multiple exposures certainly increase host mortality (Keymer, 
1980), but single exposures even with host starvation may not be 
lethal (Shostak et aI., 2008). Hymenolepis diminuta has been 
shown to have an effect On the reproduction (Keymer, 1980; Hurd 
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and Arme, 1986) and behavior (Robb and Reid, 1996) of its 
intermediate hosts even in the absence of additional stressors, 
although the effects may be subtle. Studies that have incorporated 
a second environmental stressor On these hosts in addition to 
parasitism are few. High temperatures and varied diets affect 
parasite development but not host survival (Voge, 1959). Short-
term starvation produces reversible reductions in host fecundity 
(Shostak, 2009), but complete host starvation and multiple 
exposures to the parasite are required to cause substantial host 
mortality (Keymer, 1980). In contrast, even a partial reduction in 
host food availability has dramatic effects on parasite growth 
(Shostak et aI., 2008). These studies suggest that the presence 
of non-parasite environmental stressors might actually produce 
greater effects on the parasite than on the infected host. 
The susceptibility of tenebrionid beetles to diatomaceous earth 
(DE) has been a focus of recent studies. DE is mined from the 
fossilized remains of diatoms and has long been used as a potent, 
natural pesticide that acts on insects by damaging the cuticle 
and rendering the insect susceptible to desiccation, while being 
considered safe from a human health standpoint (Allen, 1972; 
Korunic, 1998). Although DE may actually act as a repellent 
(Mohan and Fields, 2002), it can kill beetles I wk, or more, after 
removal from DE (Arthur, 2000). DE in combination with fungal 
pathogens can have effects on insect mortality ranging from 
synergistic to antagonistic (Lord, 2001; Akbar et aI., 2004; 
Michalaki et aI., 2007). Although T confusum is susceptible to 
mortality from DE and fungal pathogens separately, it seems 
relatively resistant compared to its congeners and has provided 
little evidence for synergy (Arthur, 2000; Michalaki et aI., 2007). 
The effect of DE in conjunction with helminth infections On 
T confusum and other insects is unknown. Given the known 
independent effects of DE and parasitic infection as environmen-
tal stressors, an exploration of their joint effects may shed new 
light on the Tribolium-Hymenolepis host-parasite relationship and 
it suitability as a terrestrial model for studies of multiple stressors. 
Although H. diminuta is an internal stressor, and DE is an 
external stressor, both are capable of behavioral and physiological 
effects on the host. It might be expected that these 2 stressors, in 
combination, would have additive, or possibly synergistic, effects 
on the beetle. 
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The reproductive biology of Tribolium spp. can be expected to 
modulate any interactions between DE exposure and infection 
with H. diminuta. Beetle pheromones influence host movement 
and aggregation patterns (O'Ceallachain and Ryan, 1977), which 
may affect levels of exposure to parasite eggs and also to DE. 
Host sex influences prevalence of infection (Shostak, 2008). 
Infected female beetles have lower survivorship if mated than if 
virgin (Robb and Reid, 1996). Infected beetles also produce fewer 
eggs (Shostak, 2009). 
The present study was designed to examine exposure to DE 
and parasitism at levels just high enough to be expected to 
cause some effect on the host when administered separately, and 
then determine their effect on the survival, reproduction, and 
behavior of the confused flour beetle, Tribolium confusum, when 
administered in combination. Response to parasitic infection was 
tested following sequential exposure to DE and then to parasite 
(carryover effects), and also with concurrent exposure to parasite 
and DE (direct effects). 
MATERIALS AND METHODS 
Hosts, parasites, and diatomaceous earth 
The source, maintenance, and infection procedures for Tribolium 
confusum beetles and Hymenolepis diminuta cestodes were used as described 
previously (Shostak, 2009), with minor modifications. Beetles were 
maintained in groups of 10 in foam-stoppered vials containing 2 g 
of flour-brewer's yeast medium. Parasite exposures were performed for 
18 hr in arenas containing 10 beetles (fasted for 2 days prior to 
exposure) and 5 oatmeal flakes on which a 60-~1 aliquot of water 
containing 10,000 parasite eggs was distributed. Beetle pupae were 
removed from maintenance colonies, sexed, and stored in separate-sex 
groups, and then newly eclosed virgin adults were collected daily over 
a 16-day period and stored in medium. At 21 days post-eclosion, adult 
beetles were assigned at random to treatments in experiment I or 2 
(below). 
Insect Stop® (Aerokure International Inc., Sherbrooke, Canada) was 
the source of DE. This formulation is labeled as containing 91.1 % silicon 
dioxide, and it does not contain any attractants. Different concentrations 
of DE:medium (w:w) were prepared and passed through a 250-~m mesh 
sieve prior to use. Over the course of the experiment, the relative humidity 
(RR) was 9-20% and temperature was 26-28 C as measured by a 
Traceable® humidity-temperature meter (Control Company, Friends-
wood, Texas). 
Dose-mortality determination 
An experiment was done to produce dose response curves for beetle 
survival, to aid in the choice of a suitable dose of DE to combine with 
parasite infection. Vials were prepared containing 2 g of medium with 0, 
2.5,5,10, or 20% DE (n = 5 replicates per treatment). Groups of 10 adults 
(mixed age and sex) from the maintenance colony were allocated at 
random to these vials. At various intervals between 3 and 60 days post-
exposure, the contents of each vial were passed through a 250-~m mesh-
size sieve, live and dead adults were counted, dead adults were removed, 
and then live adults and the sifted medium were returned to the vial. 
Experimental design 
Common aspects: For logistic reasons, the sequential and concurrent 
treatments with DE were conducted as 2 separate experiments. Both 
experiments used the same fully factorial design: parasitism at 2 levels 
(exposed to H. diminuta; not exposed), DE at 2 levels (present; absent), 
and host mating status at 3 levels (virgin females; virgin males; mated 
males plus females), for a total of 12 treatment combinations. The 
emergence of beetles over several days required staggering of start times 
within each experiment so that beetle ages were held constant. In both 
experiments, virgin adult beetles were stored post-eclosion on medium 
alone, with sexes separate. Treatments started when beetles were 3 wk old. 
This allowed beetles to pass through the period of moderate mortality that 
normally occurs shortly after eclosion (Shostak, 2008) to minimize 
background mortality later in the experiments. The 2 experiments differed 
in the timing and sequence of treatment application, as described next, 
but in all cases, treatments were randomly assigned to the beetles. In 
both experiments, beetles of opposite sex in the "mated" group first 
encountered each other at the time of exposure to parasite eggs. Beetle 
census and necropsy always took place 3 wk PI with H. diminuta. 
Census procedures: At census, the number of beetles on the surface of 
the medium was recorded as a measure of surface-seeking behavior (Yan 
et aI., 1994). The medium was passed through a 250-~m mesh-size sieve, 
and live and dead beetles were recorded. A count of all beetle eggs 
(hatched and unhatched combined) present in the medium was made as a 
measure of reproductive effort. Sex of surviving beetles was determined by 
everting their genitalia, and then the beetle was killed by crushing the 
head. The body was teased apart to count cysticercoids of H. diminuta and 
any beetle eggs that were retained in the oviduct. 
Experiment 1: Sequential exposure to DE and then to parasitic infection: 
At age 3 wk, beetles were assembled haphazardly into groups of 10 virgin 
females or 10 virgin males and then assigned at random to vials for DE 
treatment (medium-alone control, or medium + DE). After 2 wk in DE 
treatment, the remaining live beetles were restructured haphazardly into 
interim groups of 5 male or 5 female beetles. Then, beetle mating status 
treatments were assigned at random and involved combining either 2 
groups of females, 2 groups of males, or 1 group of each sex to produce 
final groups containing n = 10 beetles, either virgin male, virgin female, or 
mated. Parasite treatment (non-exposed control, exposed) was then 
assigned at random to all these final groups. Exposed beetles received 
live parasite eggs, and the non-exposed control received an equivalent 
number of heat-killed eggs (60 C for 30 min). Beetles were then transferred 
to vials containing medium alone and were stored for 3 wk until census 
and necropsy. In summary, this protocol used a 3-wk pre-treatment 
period, then exposure to DE for 2 wk, followed by removal from DE, 
mating and exposure to H. diminuta, and then maintenance for 3 wk while 
the parasitic infection developed in the absence of DE. 
Experiment 2: Exposure to DE concurrent with parasitic infection: At age 
3 wk, beetles were assembled into interim groups of 5 male or 5 female 
beetles, and mating status treatments were assigned as in sequential 
exposures to produce final groups of 10 beetles. All combinations of 
parasite treatment (non-exposed control, exposed) and DE treatment 
(medium-alone control, or medium + DE) were then assigned to the final 
groups, and beetles were exposed to parasites. The next day, beetles were 
transferred to medium alone or medium + DE and stored for 3 wk until 
census and necropsy. In summary, this protocol used a 3-wk pre-treatment 
period, followed by infection and then exposure to DE concurrent with the 
3-wk period in which the parasitic infection developed. 
Data analysis 
Statistical analysis used SAS (version 9.2) in conjunction with SAS 
Enterprise Guide (version 4.3) (SAS Institute Inc., Cary, North Carolina). 
One vial containing 10 beetles, and the observations made on that vial at 
time of census, was the basic unit of independent replication in this study. 
Two vials were found to contain I mis-sexed beetle, and I vial contained 
11 beetles; data from these 3 vials were removed from the analysis. Beetle 
survival was evaluated using Fisher's exact tests, pooling individual beetles 
across vials within treatment categories. Multiple pairwise comparisons 
among subgroups in survival analyses were made following a Bonferroni 
adjustment, cr' = r:tJk for k comparisons (Sokal and Rohlf, 1969). Each vial 
also provided 1 value for each of the following variables: (1) mean number 
of cysticercoids per beetle; (2) percent of all beetles that were present on 
the surface of the medium; (3) mean number of internal eggs per live 
female beetle; and (4) total number of beetle eggs in the medium from that 
vial. Each variable was analyzed statistically using a factorial analysis 
of variance (ANOVA). Raw data were heteroskedastic, but following 
transformation (angular transformation for percent on surface; log trans-
formation for all others), the transformed data satisfied the assumptions 
of homogeneity of variances (Levene's tests) and normality (visual 
examination of residual plots). When ANOVA detected a significant 
effect, pairwise post-hoc comparisons were done (Tukey's test). In all 
cases, statistical significance was determined using cr = 0.05. Given the 
objective to study treatments at borderline levels, some weak effects were 
anticipated. Observations in the range 0.05 < P < 0.10 were placed in the 
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FIGURE 1. Survival of Tribolium confusum beetles during continuous 
exposure to different concentrations of diatomaceous earth (DE). Each 
point represents the mean ± 1 SE of 5 vials containing 10 beetles each. 
informal category "marginally significant." These borderline results were 
not interpreted as warranting rejection of the null hypothesis, but they 
were taken only as indications of effects that might warrant additional 
study with increased sample size. 
RESULTS 
Dose-mortality determination 
Beetle survival in different concentrations of DE declined over 
time in a dose-dependent manner (Fig. 1). The planned experi-
ments would involve direct exposure of beetles to DE for 2 or 
3 wk, and the time between first exposure to DE and necropsy 
would be 3 or 5 wk. The plots in Figure 1 suggest that 2.5% DE 
might be too Iowa concentration to cause any mortality for the 
shorter exposures, while 5% risked total mortality in the longer 
exposures. An intermediate level of 4% DE was, therefore, chosen 
arbitrarily as a concentration that was expected to cause low-level 
mortality in most treatments. 
Survival in 4% DE 
In sequential exposures, survival of beetles during the 2-wk pre-
treatment with DE was high. Only 6/342 (1.8%) beetles in medium 
alone died, and 111405 (2.7%) in DE died (Fisher's exact test, P = 
0.464). In sequential exposures, 1.2% of beetles died during the 
3-wk period between infection and necropsy, but differences in 
survival with respect to parasite or DE treatments were only 
marginally significant (Table I). In concurrent exposures, 1.6% of 
the beetles died during the 3 wk period between infection and 
necropsy, and there was a significant difference in survival among 
treatments (Table I). Compared to the survival of beetles that 
were not exposed to parasites or DE, survival was significantly 
reduced by DE exposure but not parasite exposure (Table I). 
Survival of beetles exposed to parasites and DE did not differ 
significantly from survival of beetles exposed to only one of these 
stressors (Table I). 
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TABLE I. Survival of Tribolium confusum beetles 3 wk after infection with 
Hymenolepis diminuta, combined with exposure to 4% diatomaceous earth 
(DE) prior to infection (sequential exposure), or immediately following 
exposure to parasites (concurrent exposure). 
Treatment* 
P- D-
P- D+ 
P+D-
P+D+ 
Sequential exposure 
Live 
149 
175 
178 
175 
Dead 
o 
4 
o 
2 
Concurrent exposure 
Live 
278 
242 
245 
262 
Dead 
o 
7 
4 
6 
Fisher's exact tests Overall: P = 0.082 Overall: P = 0.021 
P- D- vs. P- D+ : P = 0.005t 
P- D- vs. P+ D- : P = 0.049t 
P+ D+ vs. P- D+: P = 0.781t 
P+ D+ vs. P+ D- : P = 0.753t 
* Beetles not exposed (P-) or exposed (P+) to H. diminuta and not exposed (D-) or 
exposed (D+) to DE. 
t With Bonferroni correction for multiple comparisons, only P < 0.012 are 
considered significant at rx = 0.05. 
Parasite abundance 
No cysticercoids were recovered from any beetles exposed to 
heat-killed eggs. Parasite abundance (the number of cysticercoids 
per beetle examined) in beetles stored on medium alone differed 
marginally, or not at all, between experiments (AN OVA: for 
virgin females, P = 0.071; for virgin males, P = 0.200; for mated 
beetles, P = 0.070). Individual exposed beetles (n = 862) harbored 
0-31 cysticercoids (mean = 4.2), and the mean abundance per vial 
was 0.6-lO.8 (n = 89 vials). In sequential exposures, cysticercoid 
abundance varied significantly with medium, but only marginally 
with beetle mating status (Table II). Beetles acquired significantly 
more parasites when sequentially exposed to 4% DE and then 
parasites (Fig. 2A). In concurrent exposures, cysticercoid abun-
dance varied significantly with beetle mating status but was not 
affected by concurrent exposure to 4% DE (Table II). Infections 
in virgin male and female beetles did not differ, but mated beetles 
acquired significantly more parasites than virgin beetles of either 
sex (Fig. 2B). 
Surface-seeking behavior 
The proportion of beetles observed on the surface of the 
medium in sequential exposures varied significantly with beetle 
mating status but not with exposure to parasites or prior exposure 
to 4% DE (Table II). Few «5%) beetles were observed on the 
surface in female-only vials, significantly more were on the surface 
in vials with mixed sex, and significantly more than that (>60%) 
were on the surface in male-only vials (Fig. 2C). In concurrent 
exposures, the proportion of beetles on the surface varied 
significantly with main effects of beetle mating status and 
concurrent exposure to 4% DE, but not with parasite exposure 
(Table II). In the absence of DE, few « 1 0%) beetles were on the 
surface in vials containing virgin females or mated beetles, but 
significantly more (>60%) were on the surface in male-only vials 
(Fig. 2D). Exposure to 4% DE increased the proportions of 
beetles on the surface in all mating status categories (Fig. 2D). 
The marginally significant interaction between mating status and 
medium (Table II), in conjunction with Tukey's tests (Fig. 2D), 
suggests that while DE increased surface-seeking behavior in all 
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mating categories, surface-seeking increased more for mated 
beetles than virgins. 
Beetle reproduction 
Individual female beetles (n = 822) contained 0-8 (mean = 1.6) 
internal eggs. Vials containing 5 mated or 10 virgin females (n = 
112 vials) had 0.2-3.2 mean internal eggs per female per vial 
(grand mean = 1.6), and 0.3-54.2 mean external eggs per female 
per vial (grand mean = 11.4). In sequential exposures, the number 
of internal eggs per female beetle was unaffected by mating status 
of the female, the presence of parasitism, or previous exposure to 
DE (Table II; Fig. 2E). In concurrent exposures, the number of 
internal eggs per female was only affected by the presence of 
parasitism (Table II). Parasite-exposed females contained slightly, 
but significantly, fewer internal eggs than non-exposed females 
(Fig.2F). 
In sequential exposures, the number of external beetle eggs 
counted in the medium and adjusted for the number of females in 
each vial varied significantly with beetle mating status but not 
exposure to parasites or prior exposure to 4% DE (Table II). A 
F FM M 
2.0 E 2.0 
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FM M few eggs were found in vials with virgin females, and significantly 
more were found in vials with mated females (Fig. 2G). In 
concurrent exposures, the number of external eggs varied 
significantly with main effects of beetle mating status and 
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b concurrent exposure to 4% DE but not with parasite exposure 
(Table II). As in sequential exposures, a few eggs were found in 
vials of virgin females in concurrent exposures that were stored in 
the absence of DE, and significantly more were found in vials with 
mated females (Fig. 2H). However, in the presence of 4% DE, 
there was about a 6-fold increase in the number of eggs for virgin 
beetles and a 4-fold increase in mated beetles (Fig. 2H). Beetle 
All p- p+ larvae were present in vials containing eggs laid by mated females, but not when eggs were laid by virgin females. 
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FIGURE 2. Summary of statistically significant observations on 
Tribolium confusum beetles 3 wk after infection with Hymenolepis 
diminuta, combined with exposure to 4% diatomaceous earth (DE) prior 
to infection (sequential exposure), or immediately following exposure to 
parasites (concurrent exposure). Mean cysticercoid abundance determined 
after sequential (A) or concurrent (B) exposure. Mean percent of beetles 
observed on the surface of the medium after sequential (C) or concurrent 
(D) exposure. Mean number of eggs observed in the oviduct of beetles 
after sequential (E) or concurrent (F) exposure. Mean number of eggs 
recovered from the medium after sequential (G) or concurrent (H) 
exposure. Error bars represent 1 SE. Figure indicates beetles not exposed 
(P-) or exposed (P+) to H diminuta; not exposed (D-) or exposed (D+) 
to DE; virgin females (F), virgin males (M), or mated females and males 
(FM). Within the same figure, bars that share the same letter do not differ 
significantly (Tukey's test). 
DISCUSSION 
The results of the present study showed small effects of DE 
exposure, but not of parasitism, on host mortality. There were 
some novel observations on the effect of DE and host mating 
status on the acquisition of tapeworm infections and on beetle 
behavior. There were expected effects of parasitism on beetle 
reproduction but also some novel and surprising observations on 
the effect of DE exposure on beetle reproduction. Other than for 
effects on parasite abundance, the statistical results suggest that 
DE and parasitism acted independently at the doses used in this 
study. 
An experiment examining joint mortality effects should, ideally, 
generate low, but significantly positive, beetle mortality from 
exposure to DE alone and from exposure to parasites alone. This 
would enhance the ability to detect any synergy between the 2 
approaches (Lord, 2001). The 4% DE concentration used in the 
present study produced significant or marginally significant host 
mortality, but parasitism alone did not. The observed mortality 
was slightly less than predicted based on the dose-response study, 
indicating a degree of inter-experiment variation in mortality. 
Targeting a specific mortality might require that several DE 
concentrations be tested, even though logistical constraints might 
reduce the number of other factors that could be tested 
simultaneously. Even in treatments where there was significant 
TABLE II. Results of factorial ANOV As on observations on Tribolium 
confusum beetles 3 wk after infection with Hymenolepis diminuta, 
combined with exposure to 4% diatomaceous earth (DE) prior to infection 
(sequential exposure), or immediately following exposure to parasites 
(concurrent exposure). 
Dependent variables Sequential exposure Concurrent exposure 
and factors· tested df P df P 
Parasite abundancet 
S 2 0.076 2 <0.001 
M I 0.036 0.589 
S X M 2 0.806 2 0.130 
Error 30 47 
Beetles on surfacei 
P I 0.673 0.964 
S 2 <0.001 2 <0.001 
M 0.559 0.001 
PXS 2 0.216 2 0.330 
P X M I 0.936 1 0.652 
S X M 2 0.559 2 0.098 
P X S X M 2 0.890 2 0.600 
Error 55 93 
Beetle eggs (internal)§ 
P 0.696 0.034 
S 0.075 0.192 
M 0.163 0.176 
PXS 0.895 0.726 
Px M 0.674 0.322 
S X M 0.296 0.370 
P X S X M 1 0.423 0.957 
Error 35 61 
Beetle eggs (external) II 
P 0.993 0.664 
S <0.001 <0.001 
M 0.997 <0.001 
PXS 0.360 0.942 
Px M 0.501 0.518 
S X M 0.680 0.055 
P X S X M I 0.241 0.817 
Error 35 61 
• S, beetle mating status (virgin female, virgin male, mated of both sexes); M, 
medium (flour, flour plus DE); P, parasitism (exposed to H. diminuta, not 
exposed). 
t Mean number of cysticercoids per beetle in each vial. 
t Mean number of beetles on surface of medium in each vial at end of experiment. 
§ Mean number of internal eggs per female in each vial at time of necropsy. 
II Total number of identifiable eggs present in the medium of each vial at end of 
experiment. 
mortality attributable to DE, there was no additional mortality 
from parasitism. Although some insects exhibit a strong synergy 
between DE and fungal infection, with mortality effects enhanced 
up to 4-fold (Lord, 2001), T. confusum seems more resistant to 
fungi even in comparison with its congeners (Arthur, 2000; 
Michalaki et aI., 2007). In that regard, the low mortality upon 
exposure to H. diminuta may simply reflect a tolerance of T. 
confusum to pathogens in general, including helminths. 
The only direct relationship detected between DE exposure 
and parasitism was that exposure of beetles to DE prior to parasite 
exposure increased parasite abundance in beetles, whereas expo-
sure to DE immediately after infection had no effect. This must 
represent a carryover effect of the previous DE exposure, since the 
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enhanced infections were observed in hosts that had been removed 
from DE exposure 2 days previously for the pre-infection fast. DE 
appears to enhance fungal infections of beetles directly via damage 
to the epicuticle, which provides a route for fungal entry (Lord, 
2001), so effects of DE on oral infection by H. diminuta are likely 
indirect. There are 3 points in the infection process where DE might 
be hypothesized to act. First, any behavioral change in beetles that 
alters activity or habitat selection may increase their encounter with 
parasite eggs, and changes in foraging activity may alter the 
number of eggs ingested. There is a "wet reaction" that causes 
desiccated flour beetles to move to higher humidity (Willis and 
Roth, 1950), and the moisture from parasite eggs added to the 
oatmeal flakes may simply have promoted greater foraging by 
the desiccated, DE-exposed beetles than by the non-desiccated 
controls. However, DE exposure also altered surface-seeking 
behavior of the beetles, which may affect their activity in the 
exposure arenas. Second, changes in gut morphology or physiology 
may affect the hatching or penetration success of parasite embryos. 
The egg is ruptured during feeding, and the hatched embryos can 
penetrate the gut wall within 75 min (Lethbridge, 1971). Exposure 
to DE in the food, particularly on a chronic basis, might alter the 
gut and facilitate penetration. Third, DE exposure might enhance 
survival and establishment after the embryo has penetrated the gut, 
although there is little host response to H. diminuta (Heyneman and 
Voge, 1971), which leaves little for DE to enhance. DE exposure 
that started the day after infection (concurrent exposures), when 
embryos would have already reached the hemocoel (Lethbridge, 
1971), and continued DE exposure throughout the infection did not 
affect the number of parasites found 3 wk later. 
Another novel observation was that abundance of H. diminuta 
was about 30% higher in mated hosts than in virgin hosts, with 
host age and the density of parasite eggs and host held constant. 
This was particularly surprising because the "mated" beetles 
were in fact virgin beetles of both sexes placed together for the 
first time as they were added to the arenas for exposure to 
parasite eggs, and the infections likely occurred before there were 
substantial post-mating changes in the hosts. Previous studies on 
H. diminuta in virgin versus mated intermediate hosts are few 
(Robb and Reid, 1996; Cole et aI., 2003) and provide no insight 
because they do not report infection statistics separately by 
mating status. Male T. confusum specimens produce an aggrega-
tion pheromone attractive to both sexes, and females produce a 
sex pheromone attractive to males (O'Ceallachain and Ryan, 
1977). Therefore, different activity can be expected in same-sex 
versus mixed-sex groupings of beetles, and this may influence 
their contact with and subsequent feeding behavior on parasite 
eggs in the environment. The surface-seeking behavior observed 
here suggests a fundamental habitat difference between virgin 
females (buried) and virgin males (on surface), and the tendency 
of mated beetles to bury suggests that the sex pheromone 
may be overriding the effects of the aggregation pheromone. 
DE increased surface-seeking behavior, particularly in mated 
beetles, so the existence of other behavioral alterations that affect 
infection as a result of DE exposure is plausible. However, the 
increased parasite abundance in mated beetles was independent of 
DE exposure. 
The parasite abundance achieved in the present study is well 
established to reduce the number of eggs laid by T. confusum 
(Keymer, 1980; Maema, 1986; Shostak, 2009), so the observation 
that parasitized T. confusum contained fewer internal eggs might 
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be expected. This contrasts with the situation in the much larger 
Tribolium molitor, where there no difference was found between 
infected and uninfected beetles in the number of retained eggs 
(Hurd and Arme, 1986). However, there was no evidence of a net 
decrease in the number of eggs recovered from the medium of 
parasitized T. confusum after 3 wk, and this suggests that the 
negative effect of parasitism may have been overshadowed in the 
more complex situation represented by these experiments. 
The most unexpected observation was the 4- to 6-fold increase in 
the number of beetle eggs present in the medium after 3 wk 
continuous exposure to DE. Most studies on DE focus on insect 
mortality; but studies on reproduction typically report reduced 
progeny production (e.g., Chanbang et aI., 2007). Stress in the form 
of fasting produces a short-term increase in egg production by T. 
confusum (Shostak, 2009). As an end-state observation without 
intermediate observations during the 3-wk storage period, several 
hypotheses could be advanced regarding the effect of DE. On the 
one hand, this could represent an actual enhancement by DE on the 
rate of egg laying. On the other hand, the rate of egg laying may be 
unaffected, but normal population-control mechanisms such as egg 
cannibalism (Yan et aI., 1994) might simply be suppressed in the 
presence of DE. The increase in egg numbers appears to require the 
presence of DE and is not a carryover effect of past exposure. 
Regardless of the mechanism, this observation suggests that 
improper application of DE as a pesticide resulting in sublethal 
exposure, or residual DE in the environment, could have the 
unintended consequence of increasing egg laying in a pest species 
targeted for control. Detailed investigations of this issue are under 
way and will be reported elsewhere. 
Parasitism and DE each have varied, and often profound, effects 
on T. confusum, and the present study has added to that list. It was 
hoped that this study might set some groundwork for using this 
system as a model to study multiple stressors in a terrestrial 
environment. Apart from enhancement of parasitic infection 
following DE exposure, these 2 stressors at low levels seem to 
behave independently. However, many of the effects observed here 
had a common thread of differential expression in mated versus 
virgin hosts, and so this aspect of host biology might be a fruitful 
target for future studies on interactions of multiple stressors. 
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THE ROLE OF SPATIAL AND TEMPORAL HETEROGENEITY AND COMPETITION IN 
STRUCTURING TREMATODE COMMUNITIES IN THE GREAT POND SNAIL, LYMNAEA 
STAGNALIS (L.) 
Miroslava Soldanova, Armand M. Kuris*, Tomas Scholz, and Kevin D. Lafferty*t 
Institute of Parasitology, I?iology Centre of the Academy of Sciences of the Czech Republic, and Faculty of Science, University of South Bohemia, 
Branisovska 31, 37005 Ceske Budejovice, Czech Republic. e-mail: soldanova@paru.cas.cz 
ABSTRACT: We assessed how spatial and temporal heterogeneity and competition structure larval trematode communities in the 
pulmonate snail Lymnaea stagnalis. To postulate a dominance hierarchy, mark-release-recapture was used to monitor replacements of 
trematode species within snails over time. In addition, we sampled the trematode community in snails in different ponds in 3 
consecutive years. A total of 7,623 snails (10,382 capture events) was sampled in 7 fishponds in the Jindrichuv Hradec and Tfeboii 
areas in South Bohemia (Czech Republic) from August 2006 to October 2008. Overall, 39% of snails were infected by a community of 
14 trematode species; 7% of snails were infected with more than 1 trematode species (constituting 16 double- and 4 triple-species 
combinations). Results of the null-model analyses suggested that spatial heterogeneity in recruitment among ponds isolated trematode 
species from each other, whereas seasonal pulses in recruitment increased species interactions in some ponds. Competitive exclusion 
among trematodes led to a rarity of multiple infections compared to null-model expectations. Competitive relationships among 
trematode species were hypothesized as a dominance hierarchy based on direct evidence of replacement and invasion and on indirect 
evidence. Seven top dominant species with putatively similar competitive abilities (6 rediae and 1 sporocyst species) reduced the 
prevalence of the other trematode species developing in sporocysts only. 
In ecology, there is considerable disagreement about the extents 
to which communities of similar species are structured, i.e., 
whether species have statistical associations or are random 
assemblages. At the heart of the structure debate is the role of 
interspecific competition. While most authors agree that inter-
specific competition can occur, the extent to which it affects the 
distribution and abundance of competitors is controversial 
(Gotelli and McCabe, 2002). Trematodes in snails make good 
model systems for investigating community structure because 
each snail host is a potential community of trematodes, permitting 
many communities to be analyzed (Esch and Fernandez, 1993). 
Many trematode species can infect a snail species, but it is 
uncommon to find more than 1 species of trematode parthenitae 
infecting the same individual snail. A lack of multiple infections is 
one form of evidence that indicates a parasite community is 
structured. The reason for this structure has been the subject of 
substantial research (reviewed by Esch and Fernandez, 1993, 
1994; Kuris and Lafferty, 1994; Esch et aI., 2001, 2002; Curtis, 
2002). Molluscs are almost exclusively the fitst intermediate hosts 
for digenetic trematodes. They are model systems for addressing 
questions about community structure in ecology because each 
host is a patch of habitat with limited nutrient and spatial 
resources for which trematodes potentially compete (e.g., Kuris, 
1990; Sousa, 1990, 1992, 1994; Lafferty et aI., 1994). 
An extensive series of experiments by Lie and co-workers (see 
reviews by Lie et aI., 1968; Lim and Heyneman, 1972) found that, 
within the individual host, trematode communities are structured 
via antagonistic interactions (competition) that are hierarchical in 
nature so that dominant species fend off, or replace, subordinate 
species. Competition occurs because asexual reproduction within 
the snail host results in dense populations of rediae, or sporocysts, 
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or both, in the same target organs (usually hepatopancreas and 
gonads). Kuris (1990) examined trematode communities in the 
salt marsh prosobranch snail, Cerithidea calif arnica, at the 
infracommunity (within a host) level. He concluded that 
competition was the major structuring force in this system and 
suggested criteria for interactions to strongly affect infracommu-
nity structure, i.e., a high overall prevalence, a dominance 
hierarchy between potential competitors, and predominance of 
interference competition. An independent study on the same 
snail-trematode system provided support for the deterministic 
assembly rules at the level of individual hosts (Sousa, 1993). 
However, for trematodes to compete they must first infect the 
same snail. An alternative hypothesis for the lack of multiple 
infections in trematode communities was proposed by Cort et al. 
(1937), who emphasized the importance of spatial and temporal 
factors that affect the transmission of trematodes from the 
definitive vertebrate hosts to snails. They proposed that there is 
variability in recruitment in space and time, isolating trematode 
species, making multiple infections improbable and, therefore, 
competition rare. A study of C. calif arnica (see Sousa, 1990), but 
especially of the freshwater pulmonate snails Helisama anceps and 
Physa gyrina, found heterogeneity in recruitment generated by the 
behavior of the definitive hosts, snail population dynamics 
(mortality, recruitment, size structure), habitat characteristics, 
and the nature of infective agents (eggs or miracidia) (Fernandez 
and Esch, 1991a, 1991b; Williams and Esch, 1991; Snyder and 
Esch, 1993). These authors assumed, though did not explicitly 
test, that such spatial and temporal heterogeneity isolated 
trematode species from each other, explaining the relative 
infrequency of double infections. 
Lafferty et al. (1994) developed a method of sequential analysis 
that allows assessment of the effects of spatial and temporal 
heterogeneity and competition using samples replicated in time 
and space. From this work, it became apparent that heterogeneity 
could intensify or reduce species interactions. Therefore, demon-
stration of heterogeneity, per se, did not necessarily explain a lack 
of multiple infections in trematode communities. Across many 
studies, heterogeneity, formerly thought to be isolated species, 
actually leads to the intensification of interactions; subsequently, 
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competition significantly reduces the prevalence of subordinate 
species (Kuris and Lafferty, 1994). 
We now know that at least 3 mechanisms (spatial heterogene-
ity, temporal heterogeneity, and competition) can structure 
trematode communities so that they depart from a random 
assemblage of the available species (Kuris and Lafferty, 1994). 
One way to measure community structure is to compare the 
observed frequency of multiple infections with expected frequen-
cies determined by a null model of independent assortment. 
Trematode communities might be structured if final hosts are not 
evenly distributed in space. As proposed by Cort et al. (1937), 
spatial heterogeneity could isolate species if niche partitioning by 
final hosts leads trematode species to recruit in different locations, 
reducing the potential for multiple infections in a snail. 
Alternatively, aggregated distributions of final hosts would lead 
most trematodes in the community to infect the same subpopu-
lation of snails, resulting in a higher than expected frequency of 
double infections. For instance, sites with high abundances and 
diversity of final host birds have snails with a high prevalence of 
infection with diverse communities of trematodes (Hechinger and 
Lafferty, 2005). Finally, genetic or physiological differences in 
hosts could make some populations more susceptible to infection 
than others. Temporal variation in trematode recruitment can 
lead to similar increases or decreases in trematode interactions, as 
can spatial heterogeneity, particularly if trematode recruitment 
has strong seasonal patterns. Furthermore, species interactions 
might structure trematode communities. Infection by 1 species 
might impair the immune defense of a snail, increasing the ability 
of other species to invade, leading to a higher than expected 
frequency of double infections (e.g., Lim and Heyneman, 1972; 
Adema and Loker, 1997; see also Lafferty, 2002). In a single 
trematode community, each mechanism above may operate to 
varying degrees, leading to a net frequency of multiple infections 
that may, or may not, vary from random assortment. 
In the present study, we investigated the structure of larval 
trematode communities in a lymnaeid snail from Europe. The 
freshwater pulmonate Lymnaea stagnalis (L.) (Gastropoda: 
Lymnaeidae) is one of the most widespread snails in Europe 
and Asia (invasive in North America, Australia, and New 
Zealand). In Europe, L. stagnalis is the first intermediate host for 
at least 24 trematode species (Brown et aI., 2011; see also 
Faltynkova et aI., 2007 and references therein) whose larval 
morphology and life cycles have been subjected to extensive 
studies originating in Europe as early as the 19th Century. 
Previously, we examined the composition and structure of 
communities of larval trematodes in 5 populations of L. stagnalis 
in eutrophic fishponds in South Bohemia (Czech Republic) that 
represented typical wetland habitats in central Europe. This first, 
relatively long-term assessment of larval communities in a snail 
species from Europe used a mark-release-recapture method and 
revealed high levels of parasitism as well as species-rich and 
abundant trematode component communities (within a host 
population) in L. stagnalis (Soldanova et aI., 2011). This study 
also depicted a significant spatial differentiation in community 
structure that, in association with high recruitment rates 
(Soldanova and Kostadinova, 2011), indicated that the Lym-
naea-trematode system offers an excellent opportunity to 
address questions about the role of spatial and temporal 
heterogeneity and subsequent competition in structuring trema-
tode communities. 
For a large original dataset on infracommunities in L. stagnalis, 
we assessed the relative importance of spatial and temporal 
heterogeneity and competition among larval trematodes in 
structuring trematode communities, focusing on the extent to 
which competition at the infracommunity level affects component 
community structure. 
MATERIALS AND METHODS 
Sampling system and procedure 
From August 2006 to October 2008, individual L. stagnalis were 
collected every 3 wk along predefined sampling transects at 7 fishponds in 
2 areas of South Bohemia in the Czech Republic. Three ponds (Vlkovsky, 
Hluboky Sax, and Hluboky u Hamru; referred to as ponds V, HS, and 
HH) are located in the Tfebon Basin Biosphere Reserve and Protected 
Landscape Area and 4 (Zavadil, Velky Dvorecky, Bartonovsky, and 
Spitalsky; referred to as ponds Z, VD, B, and S) are located c. 20 km away 
near Jindfichuv Hradec. Data for the ponds are summarized in Table I. In 
all ponds, sampling transects (approximately 30--50 m wide, 1.5-2 m long, 
and 0.5-1 m deep) were along shores dominated by stands of Phragmites 
australis and Typha spp. Snails were collected haphazardly with a strainer 
or hand-picked from the emergent vegetation in the littoral zone. These 
samples provided an opportunity to investigate how variation in the 
trematode population intensified interactions or isolated species from one 
another. 
A mark-release-recapture procedure was used to investigate trematode 
infections over time in individual snails so that multiple infections and 
species switches could be monitored (see Soldanova et a!., 2011 for more 
details on methodology). The purpose of the mark-recapture portion of 
the study was to postulate dominance relationships among the potentially 
competing species. A total of 7,623 L. stagnalis was collected, checked for 
trematode infection, marked, and released. Each recaptured snail was 
considered as an independent observation, resulting in 10,382 capture 
events comprising 124 distinct samples. 
Sampling was uninterrupted during the first winter (2006-2007) due to 
the unusually mild weather as compared to the second sampling winter 
(2007-2008), when ponds were covered by ice or drained for 4 to 5 mo (see 
Soldanova et a!., 2011 for details). Fewer samples were collected from 2 of 
the small ponds, pond B and pond S (9 and 8 samples, respectively), which 
remained half-drained for most of the sampling period (November 2006 to 
March 2008); this affected littoral macrophytes in the snail habitat. 
Because a higher prevalence of infection was observed in larger, mature 
snails (Zbikowska et a!., 2006), and because we sought to obtain large 
quantities of infected snails, sampling was focused on mature individuals 
with shell heights ca. 40--50 mm. Sampling from a narrow size range 
helped reduce the effect of snail age-size on trematode community 
structure, allowing us to focus on spatial and temporal factors. Snails were 
examined for cercariae emission only; however, our surveys of the same 
host-parasite system demonstrated no significant differences between the 
levels of infection recorded on the basis of cercarial emission and after 
snail dissection (Brown et a!., 2011; Soldanova et a!., 2011). Identification 
of cercariae to species was carried out using a compound microscope 
following Faltynkova et a!. (2007) and Nasincova (1992). 
Data analysis 
Snail populations in both regions were infected by a common pool of 
parasites (Soldanova et a!., 2011). The total dataset comprised 10,382 
capture events and 124 distinct samples (Table I). These data were used to 
detect non-random structure, analy;ze species associations, and construct a 
putative dominance hierarchy. A more restricted dataset comprised 10,147 
capture events and 98 distinct samples and excluded small samples for 
which prevalence could not be estimated (Table I). The restricted dataset 
was used to partition the effect of potential structuring factors on 
trematode communities and to assess the effect of interactions on the 
species composition and abundance in component communities. Preva-
lences were computed by dividing the number of snails infected with a 
given trematode by the number of snails examined in the relevant sample. 
When multiple infections were found, the data were included in the 
prevalence estimates for each species. 
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First, we sought evidence for any form of non-random structure in the 
trematode community, e.g., the combined effect of spatial and temporal 
heterogeneity and interactions among species. Our measure of structure 
was the difference in the observed and expected frequencies of double 
infections in the total sample. The null model for estimating the overall 
expected frequencies of double infections was generated by first pooling all 
samples (assuming no spatial or temporal component of the sampling) and 
then estimating how many double infections would occur if the observed 
trematodes had recruited with equal probability to each snail and then 
coexisted if multiple species recruited to the same snail. The expected 
frequency of double infections for each species pair i, j was calculated by 
multiplying the sample size, N, by the prevalence (p) of trematode species i 
(Pi) and the prevalence of trematode species j (Pj), or NpiPrnull model 
(Kuris, 1990). This model is a simple and conservative way to assess 
structure (Lafferty et aI., 1994) and provided our initial estimate for 
structure in this community. Because the null model only predicts double 
infections, each observed triple infection was treated as 3 observed double 
infections (Kuris, 1990; Kuris and Lafferty, 1994). Observed and expected 
values were compared by chi square at the significance level of 0.05. The 
NpiPrnull model may underestimate the frequency of double infections if 
competitive exclusion reduces the prevalence of subordinate species 
(Lafferty et aI., 1994). The formula derived by Lafferty et al. (1994) to 
estimate pre-interactive species prevalences, i.e., prevalences free of the 
competition effect, is an alternative null model, Neiej, where ei is an 
estimate of the proportion of snails that species i recruited in the absence 
of any effects of competition or facilitation (see Lafferty et aI., 1994 for 
detailed description). Calculating ei for a species requires a postulated 
dominance hierarchy, though dominance need not be absolute or fully 
resolved. 
We postulated a dominance hierarchy of the competitive relationships 
among trematodes infecting L. stagnalis using direct and indirect evidence 
(Kuris, 1990); the direct evidence was based on observations from our 
mark-release-recapture study, e.g., if species A replaced species B, A was 
assumed to be dominant to B. In many cases, replacements were 
inconsistent, i.e., species B also replaced species A, leading us to extend 
this method with an assumption that dominance was probable. When 
direct evidence was not available, we used indirect evidence for dominance 
based on logic and studies in other systems. These lines of indirect 
evidence were (I) that related species had similar dominance character-
istics, and (2) that rediae species dominated sporocyst species (rediae larval 
forms have a muscular pharynx used to consume host tissue and also to 
consume heterospecifics; see e.g., Lie, 1967). In the text and tables, the 
dominant member of a pair is followed by">", e.g., DP > EA signifies 
the proposed dominance of Diplostomum pseudospathaceum (DP) over 
Echinoparyphium aconiatum (EA). 
Once we determined that the trematode community was not a random 
assemblage, we sought to partition this structure into the effects of space, 
time, and species interactions following the method of Lafferty et al. 
(1994). We first calculated the expected number of double infections for 
each sample, e.g., with the NpiPrnull model. We then combined the data 
into a pooled, well-mixed sample, and calculated the expected number of 
double infections again. This gave a measure of community structure that 
assumes no spatial or temporal heterogeneity. Comparing the estimate of 
the pooled data with the sum of the separate estimates gave a measure of 
heterogeneity in the trematode community. For example, if, in a sample of 
trematodes from 100 snails there were 20 species A and 30 species B at site 
I (6 expected A and B), and 60 species A and 10 species B at site 2 (also 6 
expected A and B), the sum of the expected double infections would be 12 
while the expected double infections from the pooled sample would be 80 
X 40/200 = 16, the difference being due to a slight isolation between A and 
B from spatial heterogeneity among ponds. Comparison of the expected 
number of double infections if recruitment was assumed homogeneous 
(pooled), with the expected number of double infection summed across the 
individual samples, indicates whether spatial or temporal heterogeneity in 
recruitment isolates (pooled> summed) or intensifies (summed> pooled) 
interactions among species. Specifically, the structuring effect of spatial 
heterogeneity, independent of time and competition, was determined by 
summing the expected frequency of double infections ("sum of expected") 
calculated separately for each pond (pooled across dates) and comparing 
this to the expected frequency of double infections calculated from the 
observations summed over all 7 ponds ("expected of pooled"). The 
structuring effect of temporal heterogeneity independent of space and 
competition was similarly determined by summing the expected frequency 
of double infections ("sum of expected") calculated separately for each 
date at a given pond and comparing this to the expected frequency of 
double infections calculated from the pooled sampling dates ("expected of 
pooled"). To evaluate any effect of species interactions after the 
structuring effects of spatial and temporal heterogeneity, we compared 
the frequency of observed double infections with the sum of the expected 
double infections calculated separately for each sample. 
Finally, we assessed the importance of competition on the trematode 
component community by estimating the relative abundance of the 
trematode species lost to competition or gained due to facilitation (by 
comparing the observed and expected frequencies). 
RESULTS 
Of 7,623 snails collected, marked, and released over the 26-mo 
sampling period, 1,976 (25.9%) individuals were recaptured 21-
364 days after release. Of these, 1,397 (70.7%) were recaptured 
once, 420 (21.2%) twice, 123 (6.2%) 3 times, 27 (1.4%) 4 times, 
and 9 (0.5%) 5 times. Altogether, this amounted to 10,382 
observations for patent infections. Table I summarizes these data. 
Parthenitae of 14 species belonging to 7 families were found to 
infect 4,028 (38.8%) L. stagnalis; 7 were rediae species (cercariae 
develop in rediae) and 7 were sporocyst species (cercariae develop 
in sporocysts only). Table II lists the trematode species and their 
prevalence in the total and restricted datasets by pond and for 
pooled data across all 7 ponds. Prevalence was highest in late 
summer and early autumn (Soldanova et aI., 2011). Overall 
prevalence was generally high (exceeding 40% in 4 ponds); there 
were only slight differences in prevalence between the total and 
restricted datasets. Seven species were found in all ponds and 2 
species were found in a single pond; the remaining 5 occurred in 
2-6 ponds. Two species, Plagiorchis elegans (PE) and Opisthio-
glyphe ranae (OR), had the highest prevalences (Table II). Due to 
the high prevalence, we observed many multiple infections, and 
changes in trematode species within a snail were detected over 
time. 
Multiple infections and species replacements 
A total of 280 (7%) of all infected snails harbored more than 1 
parasite species, comprising 16 types of double (275) and 4 types of 
triple infections (5). No combinations of rediae species were detected. 
Of the 5 triple infections observed, 2 comprised a combination 
of 2 sporocyst and 1 redia species, i.e., O. ranae, Australapatemon 
burti (AB), and Echinostoma revolutum, and 0. ranae, P. elegans, 
and Paryphostomum radiatum (PR), respectively. The remaining 
3 comprised 4 sporocyst species, i.e., 0. ranae, P. elegans, and 
Trichobilharzia szidati (TS) (1 case), and O. ranae, P. elegans, and D. 
pseudospathaceum (2 cases). Observed numbers of snails infected by 
a given combination of 2 trematode species, including conversions 
from triple infections, are presented in Table III. Opisthioglyphe 
ranae and T. szidati were the most frequently represented in the 
double infection types. The former species and P. elegans were the 
most frequent of the double infections (78.9%) followed by 0. ranae 
and D. pseudospathaceum (7.6%). 
A change in the trematode species within individual hosts was 
detected in 123 recaptured snails. Single species infections 
changed to a different species 32 times (Table IV). The most 
frequently recorded replacements were of 1 sporocyst species 
replacing another sporocyst species (17 cases), whereas a redia 
species replacing a redia species was observed in just 3 snails. 
Replacement of sporocyst species by redia species was observed 8 
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times but, surprisingly, there were also 4 opposite cases when 
sporocyst species replaced redia species. We observed 47 cases 
where a double infection changed to a single infection. These 
concerned either double infections in which 1 of the species was 
eliminated or single infections invaded by another species that 
subsequently eliminated the first infecting species (31 and 16 
cases, respectively). Based on the dissections of other snail 
samples, all trematode species parasitizing L. stagnalis occupied 
the same microhabitat, the hepatopancreas, expanding to the 
gonad where the larval infrapopulations grow and eventually 
castrate the snail. 
There were 19 negative (P < 0.05) and 3 positive (P < 0.05) 
associations among species pairs (Table V). We used these 
associations to help inform the dominance hierarchy, not for 
statistical inference about structure; note that the critical alpha for 
judging a specific species-pair interaction should be adjusted for 
multiple comparisons. A statistical analysis of the total dataset 
(10,382 capture events) revealed fewer observed double infections 
than would be expected by chance (290 vs. 520; X2(3) = 107.09, 
P < 0.001) for the observed 19 species combinations, indicating 
that trematode communities in L. stagnalis exhibit non-random 
structure driven by competitive or isolating mechanisms (or both). 
Dominance hierarchy 
A putative dominance hierarchy was constructed for all 14 
trematode species of L. stagnalis observed in our study (Fig. 1), 
using direct evidence of replacement or invasion (inferring the 
latter species to be dominant) (Table VI), or indirect evidence 
based on past studies (Kuris, 1990). Opisthioglyphe ranae and P. 
elegans were the most frequently observed species in infection 
changes (93 of 123 cases, i.e., 75.6%). Of these, P. elegans was 
evaluated as dominant over 0. ranae 50 times vs. 30 in which o. 
ranae dominated over P. elegans. Diplostomum pseudospathaceum 
was found to dominate over some of the species in 13 cases. When 
direct evidence was not available or showed partial dominance, 
i.e., inconsistent observations, e.g., NA (Notocotylus attenuatus) 
> OR; or He (Hypoderaeum conoideum) > PE; PE > TS; see 
Table VI, indirect evidence that sporocyst species are subordinate 
to rediae species and that related species likely interact in similar 
manner was used. Decisions regarding putative dominance were 
conservative. In some cases, there was no significant interaction 
among species pairs but there was limited evidence of replacement 
III the recapture data. In these cases, dominance was not 
postulated because, if it occurred, its effects on species abundance 
were not detectable in this study. When direct evidence contrasted 
with indirect evidence, the direct evidence was applied (DP > EA; 
PE > MA [Moliniella ancepsj; see Table VI). 
After accounting for spatial and temporal heterogeneity, the 
observed number of double infections between sporocyst and 
rediae species was substantially lower than expected (27 vs. 244; 
X2(3) = 197.63; P < 0.0001) (Table V), consistent with the ex-
pectation that rediae species and sporocyst species compete 
(Lafferty et aI., 1994). All sporocyst species except Australapate-
mon minor (AM) and Cotylurus cornutus were negatively 
associated (Table V). No double infections among rediae species 
were observed in our study, suggesting that interactions among 
rediaee species led rapidly to competitive exclusion. The difference 
in the observed and expected number of co-occurrences of 
sporocyst species was lower than for rediae species (263 vs. 381; 
TABLE II. Trematode species in Lymnaea stagnalis from the fishponds in South Bohemia (Czech Republic) and their abbreviations used in the text and tables. Prevalence (%) is provided for each 
pond studied for the total (T) and restricted (R) datasets. Multiple infections were treated as infections of each involved species. Abbreviations for ponds: V, Vlkovsky; HS, Hluboky Sax; HH, 
Hluboky u Hamru; Z, Zavadil; VD, Ve1ky Dvorecky; B, Bartoiiovsky; S, SpitalskY. 
Ti'eboii area lindi'ichuv Hradec area 
Intramolluscan Species V HS HH Z VD B S Pooled data 
stage/Family code Species T R T R T R T R T R T R T R T R 
Rediae species 
Echinostomatidae ER Echinostoma revolutum 2.86 2.96 1.73 1.42 0.66 0.67 0.96 0.87 1.46 1.47 0.85 0.85 7.62 7.95 1.67 1.64 
HC Hypoderaeum conoideum 4.41 4.25 0.53 0.47 0.52 0.53 0.69 0.55 1.97 1.93 1.70 1.70 4.39 4.58 1.71 1.66 
PR Paryphostomum radiatum 0.37 0.39 0.98 1.03 0.57 0.58 2.46 2.45 3.39 3.41 5.46 5.46 8.78 9.16 2.25 2.30 
EA Echinoparyphium aconiatum 2.36 2.32 0.53 0.47 1.13 1.15 0.27 0.27 0.14 0.14 0.74 0.73 
MA Moliniella anceps 0.37 0.39 0.38 0.40 0.11 0.11 
ERE Echinoparyphium recurvatum 0.06 0.06 0.01 0.01 
Notocotylidae NA Notocotylus attenuatus 1.30 1.35 0.15 0.16 0.52 0.53 0.05 0.05 0.05 0.12 0.12 0.36 0.35 
Sporocyst species 
Plagiorchiidae PE Plagiorchis elegans 2.11 2.12 50.34 50.28 13.24 12.76 25.41 25.10 14.42 14.37 11.04 11.04 0.69 0.72 18.02 17.75 
Te10rchiidae OR Opisthioglyphe ranae 0.43 0.45 14.10 14.23 25.72 26.00 1.66 1.47 6.82 6.86 21.48 21.48 10.85 10.84 11.03 11.11 
Diplostomidae DP Diplostomum pseudospathaceum 18.13 18.08 1.13 1.11 3.06 3.07 0.16 0.05 1.05 1.06 0.36 0.36 4.39 4.58 4.05 3.99 
Schistosomatidae TS Trichobilharzia szidati 3.66 3.60 0.98 0.95 0.09 0.10 0.11 0.11 0.37 0.37 3.52 3.52 0.92 0.72 1.13 1.10 
Strigeidae AM Australapatemon minor 0.05 0.05 0.53 0.55 0.14 0.14 0.46 0.48 0.15 0.16 
AB Australapatemon burti 0.19 0.19 0.24 0.24 6.24 6.51 0.31 0.32 
CC Cotylurus cornutus 0.06 0.06 0.01 0.01 
Overall prevalence 35.3 35.1 63.5 63.2 41.1 41.0 31.6 30.9 27.9 27.9 42.6 42.6 43.4 44.6 38.8 38.5 
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TABLE III. Double infections observed (0) in Lymnaea stagnalis in South Bohemia (Czech Republic). Data from total (T) and restricted (R) datasets include conversions from triple infections 
indicated by an "*". Triple infections were counted as 3 double infections. Abbreviations for ponds: V, Vlkovsky; HS, Hluboky Sax; HH, Hlubokyu Hamru; Z, Zavadil; VD, Ve1ky Dvorecky; B, 
Bartoiiovsky; S, SpitaIskY. 
Ti'eboii area lindi'ichuv Hradec area 
V HS HH Z VD B S Pooled data 
Trematode species combination 0 T R 0 T R 0 T R 0 T R 0 T R 0 T R 0 T R 0 T R 
Sporocyst-sporocyst species 
Opisthioglyphe ranae + 
Plagiorchis elegans 2 2 2 84 85 79 72 75 74 10 10 8 37 37 37 12 12 12 217 221 212 
0. ranae + Australapatemon burti 2 2 I 2 2 
O. ranae + Diplostomum 
pseudospathaceum 2 2 2 14 16 16 2 2 2 21 23 22 (fl 0 
O. ranae + Trichobilharzia r 0 
szidati 3 3 3 3 4 4 », z 
T. szidati + P. elegans 4 5 5 8 9 9 0 < 
T. szidati + D. pseudospathaceum I I 
», 
m 
P. elegans + D. pseudospathaceum 2 2 3 3 --I » 
r 
Sporocyst-redia species 1 
0. ranae + Hypoderaeum conoideum ::0 m 
0. ranae + Echinostoma revolutum 2 2 2 2 s: » 
0. ranae + Notocotylus attenuatus 2 2 2 3 3 3 --I 0 
0. ranae + Paryphostomum radiatum* I I 0 m 
T. szidati + N. attenuatus 2 2 2 2 2 2 0 0 
T. szidati + H. conoideum 2 2 2 2 2 2 s: 
T. szidati + E. revolutum 2 2 2 2 2 2 s: c 
T. szidati + Moliniella anceps 6 6 6 6 6 6 z =i 
P. elegans + E. . revolutum m (fl 
P. elegans + M. anceps 5 5 5 5 5 5 Z 
P. elegans + P. radiatum* r-
A. burti + E. revolutum* ~ 
'I; 
Total no. of double infections 17 17 17 96 99 93 88 97 96 13 13 9 41 41 41 18 18 18 2 5 5 275 290 279 ~ 
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TABLE IV. Changes of infection with larval trematodes observed in Lymnaea stagnalis in South Bohemia (Czech Republic). Three categories of change 
were distinguished. Abbreviations for ponds: V, Vlkovsky; HS, Hluboky Sax; HH, Hluboky u Hamru; Z, Zavadil; VD, Velky Dvorecky; B, 
Bartoiiovsky; S, SpitalskY. 
Ti'eboii area lindi'ichuv Hradec area 
Category of change V HS 
Single infection to a different single infection 8 3 
Single-double infection to a double-triple infection 2 14 
Double infection to a single infection 3 20 
Total 13 37 
X2(3) = 37.94, P < 0.0001), suggesting relatively weak competitive 
interactions among sporocyst species. Three species pairs 
combining 2 sporocyst species (P. elegans and T. szidati) and 2 
rediae species (M anceps and N attenuatus) were significantly 
more frequent than would be expected by chance, suggesting 
facilitation. Another combination of sporocyst species occurred at 
random, whereas for the 2 remaining sporocyst species, the 
expected number of double infections was zero (Table V). 
However, there were contradicting direct observations, i.e., P. 
elegans was found 3times to eliminate M. anceps and N 
attenuatus replaced T. szidati in 1 infection. A conservative 
approach (co-dominance) and indirect evidence were applied for 
these observations. Six combinations of double infections 
occurred as frequently as could be expected by chance (P ;:0:: 
0.05), suggesting neither competition nor facilitation. There was 
insufficient statistical power to test relationships between species 
in the remaining 19 combinations of the relatively rare species; 
only 1 of these combinations was observed in our study (A. burti 
and E. revolutum). 
Figure 1 displays the hypothesized dominance hierarchy. Seven 
species were putatively co-dominant. Table V shows that most of 
the co-dominant species were highly interactive, but the order of 
HH Z 
7 2 
17 
21 1 
45 4 
VD B 
6 6 
6 4 
2 
14 10 
S Pooled data 
o 
32 
44 
47 
123 
dominance was not clear. In 4 snails, a replacement was detected 
among the dominants (Table VI), but we opted not to assign 
dominance on such limited evidence. We suspect dominance in 
these top species may be based on priority of occupancy. 
Echinoparyphium recurvatum (ERE) was placed in this group, 
despite its rarity, based on indirect evidence (its relatedness to the 
other echinostomes in this group). Although 5 of these species are 
echinostomatids and were found to be dominant in other studies 
(Lie, 1973; Kuris, 1990; Sousa, 1990; Lafferty et aI., 1994), 1 was a 
notocotylid and 1 was a diplostomid, with the latter species 
having only sporocysts in the life cycle. Six species were presumed 
dominant over P. elegans, and all of them but the notocotylid 
were dominant over O. ranae. As a second tier in the hierarchy, O. 
ranae and P. elegans were abundant trematodes that co-occurred 
as per random expectations (Table V). Recapture data also 
showed that they frequently interacted with other species, i.e., in 
80 cases with P. elegans supplanting O. ranae 50 times (Table VI). 
The echinostome M. anceps seems to be subordinate to 0. ranae, 
P. elegans, and T. szidati based on the limited evidence of 
replacement and on weak interactions (Tables V, VI). There was 
insufficient power to detect any significant interactions between 
this rare echinostomatid and other species (Table V). Plagiorchis 
TABLE V. Observed/expected numbers of pairwise associations among larval trematodes in Lymnaea stagnalis in South Bohemia (Czech Republic). 
Observed double infections were pooled over all ponds and expected double infections were calculated using species prevalence from total dataset. 
Statistically significant associations indicated in bold, values for which statistical test could not be performed are in italic, and empty cells indicate double 
zeros. Abbreviations for species names: AB,' Australapatemon burti; AM, Australapatemon minor; CC, Cotylurus cornutus; DP, Diplostomum 
pseudospathaceum; EA, Echinoparyphium aconiatum; ER, Echinostoma revolutum; ERE, Echinoparyphium recurvatum; HC, Hypoderaeum conoideum; 
MA, Moliniella anceps; NA, Notocotylus attenuatus; OR, Opisthioglyphe ranae; PE, Plagiorchis elegans; PR, Paryphostomum radiatum; TS, 
Trichobilharzia szidati. * 
Intramolluscan Rediae species Sporocyst species 
stage Species code ER HC PR EA MA ERE NA PE OR DP TS AMAB CC 
Rediae species ER 
HC 013 
PR 0/40 0/40 
EA 011 011 012 
MA 
ERE 
NA 011 011 011 
Sporocyst PE 11310 0/320 11420 01140 5/2P 0170 
species OR 2119" 11200 11260 0/80 011 3/4000 2211206000 
DP 0170 0/7" 0/9" 013 011 317~ 23/460 
TS 212000 2/2000 013 011 6/0P 2/0P 9/210 41130 115000 
AM 013 012 011 
AB 111 011 011 0/60 2/4000 011 
CC 
• n = negative interactions (P < 0.05); P = positive interactions (P < 0.05); non = non-significant interactions (P "" 0.05). 
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FIGURE 1. Putative competitive dominance hierarchy for the larval 
trematodes in Lymnaea stagnalis. A star indicates that all dominant 
species interact with each other and double-headed arrows indicate that I 
species is dominant over the other, but the direction of the interaction 
cannot yet be determined (prior occupancy may be the determinant). Solid 
lines and arrows represent transitive dominance relationships (all species 
subordinate to species X are also subordinate to the species that dominate 
species X; see Kuris, 1990), whereas interrupted lines and arrows indicate 
non-transitive dominance relationships. Key to species: AB, Australapa-
temon burti; AM, Australapatemon minor; CC, Cotylurus cornutus; DP, 
Diplostomum pseudospathaceum; EA, Echinoparyphium aconiatum; ER, 
Echinostoma revolutum; ERE, Echinoparyphium recurvatum; HC, Hypo-
deraeum conoideum; MA, Moliniella anceps; NA, Notocotylus attenuatus; 
OR, Opisthioglyphe ranae; PE, Plagiorchis elegans; PR, Paryphostomum 
radiatum; TS, Trichobilharzia szidati. 
elegans and o. ranae were the only species found in a negative 
association with the avian schistosome, T. szidati. The lack of 
dominance over T. szidati by the echinostomatids indicates that 
this hierarchy is not fully transitive (Table V). The 3 strigeids were 
uncommon in this system and appeared to be subordinate to 
other species based on limited observations on negative associ-
ation between P. elegans and A. burti (Table V) and indirect 
evidence. One of them, A. burti, did co-occur with 0. ranae or E. 
revolutum in multiple infections, so it may not be readily 
suppressed by otherwise dominant species. 
The hypothesized dominance hierarchy made it possible to 
develop a null model that accounted for individuals lost to 
competitive exclusion. It is important to emphasize that this 
model does not assume that competition occurs, only that if it 
occurs, it is possible to predict the outcome. In the following 
section, both the basic (NpiPj) and dominance (Neiej) null models 
were used to assess the effects of heterogeneity and competition 
on community structure, and results are given for both. 
Effects of spatial and temporal heterogeneity and 
competition on community structure 
Spatial heterogeneity had the net effect of isolating species; 
NpiPrnull model: 531 summed expected double infections vs. 628 
TABLE VI. Direct evidence for dominance relationships among larval 
trematodes in Lymnaea stagnalis in South Bohemia (Czech Republic). (1) 
Dominant trematode species observed replacing subordinate species, e.g., 
ER ~ EA = EA > ER. (2) Dominant trematode species observed 
infecting a snail having a previous trematode infection, e.g., OR ~ 
OR+NA = NA > OR. (3) Dominant trematode species observed 
eliminating subordinate species in double infections, e.g., ER + TS ~ 
ER = ER > TS. Numbers represent direct observations; inconsistent 
direct observations indicated by an "*". Abbreviations for species names: 
AB, Australapatemon burti; AM, Australapatemon minor; CC, Cotylurus 
cornutus; DP, Diplostomum pseudospathaceum; EA, Echinoparyphium 
aconiatum; ER, Echinostoma revolutum; ERE, Echinoparyphium recurva-
tum; HC, Hypoderaeum conoideum; MA, Moliniella anceps; NA, 
Notocotylus attenuatus; OR, Opisthioglyphe ranae; PE, Plagiorchis elegans; 
PR, Paryphostomum radiatum; TS, Trichobilharzia szidati. 
Dominance relationships 
EA> ER 
NA>HC 
NA>OR 
NA < OR* 
NA>TS 
PR>ER 
PR>PE 
PR>OR 
PR < OR* 
ER >TS 
HC>PE 
HC < PE* 
HC >TS 
DP>EA 
DP>PE 
DP < PE* 
DP>OR 
DP < OR* 
DP>TS 
PE>OR 
PE < OR* 
PE >TS 
PE<TS* 
OR>TS 
OR < TS* 
PE>MA 
1* 
I 
1 
3 
3 
1* 
1* 
1* 
2 
5 
8* 
Direct evidence 
2 3 
8 
2* 
18 27 
16* 6* 
2 
2* 
2 
1* 
3 
expected double infections from the pooled data; "l(3) = 15.97, 
P < 10-4; Neiernull model: 626 summed expected double infec-
tions vs. 755 expected double infections from the pooled data; 
X2(3) = 23.81, P < 10-4) (Fig. 2). In other words, had final hosts 
been homogeneously distributed among the sampling sites, we 
would have observed more double infections among trematode 
recruits. However, spatial heterogeneity did not explain all of the 
structure in the trematode community. After the isolating effects 
of spatial heterogeneity were controlled for, there was a signifi-
cant reduction in the number of observed double infections that 
could be attributed to competitive exclusion (NpiPrnull model: 
531 expected double infections vs. 279 observed double infections; 
X2(3) = 126.20, P < 10-4; Neiernull model: 626 expected double 
infections vs. 279 observed double infections; X2(3) = 205.00, 
P < 10-4) (Fig. 2). 
Temporal heterogeneity did not appear to isolate, or concen-
trate, species in time in 4 ponds. Using the NPiPrnull model, no 
significant differences in the expected number of double infections 
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FIGURE 2. Comparative evaluation of the effects of spatial heteroge-
neity in recruitment and competition on trematode community structure 
among the ponds studied. The expected number of double infections was 
calculated using the NpiPrnull model (white bars) and Neiernull model 
(grey bars). The black bar represents the observed number of double 
infections. The first pair of bars indicates the number of expected double 
infections in the absence of competition if recruitment were spatially 
homogeneous among ponds (expected of pooled or pre-recruitment). The 
second pair of bars indicates the number of expected double infections in 
the absence of competition with the observed spatial variation in 
recruitment among ponds (sum of expected or post-recruitment). Error 
bars represent 95% confidence limits. Both null models indicate that 
spatial heterogeneity significantly reduced interactions and that competi-
tion significantly reduced the number of double infections that persisted 
after recruitment. 
between the summed and pooled data were found in ponds V, HS, 
B, and S; the same result was obtained using the Nejej"null model 
(Table VII). Figure 3A illustrates an example of the non-
significant effect of temporal heterogeneity in recruitment on 
the potential number of co-occurrences (pond V). In contrast, 
intensification of interactions by temporal heterogeneity was 
apparent in the other 3 ponds tested (Table VII). At 1 of these 
ponds (pond Z), the effect was only significant for the Nejej"null 
model, though both null models were in the same direction 
(Fig. 3C). Both null models for the remaining ponds (VD and 
HH; see Fig. 3B for the latter) revealed the same pronounced 
effect, i.e., towards intensification of interactions due to seasonal 
peaks in trematode recruitment. Competition appeared to 
substantially reduce double infections after controlling for 
temporal variation (ponds V, HH, and Z; Table VII, Fig. 3) . 
The comparison of the prevalence of each species before and 
after competition revealed a total of 11.2% of trematode 
infections lost to competition (Table VIII). In line with the 
competitive dominance hierarchy, rediae species suffered fewer 
losses than did sporocyst species in both null models. 
DISCUSSION 
Spatial and temporal heterogeneity 
The trematode community in L. stagnalis is species-rich and 
overall prevalence is high, thus offering conditions for potentially 
intense competitive interactions among trematode species. Spatial 
heterogeneity in recruitment among species appeared to reduce 
the frequency of interactions. In contrast, for some of the ponds 
seasonality in recruitment seems to have intensified interactions 
among trematode species. Most interactions among species led to 
competitive exclusion, with dominant species replacing subordi-
nate species or by prior residents excluding new recruits. For this 
reason, multiple infections were substantially less abundant than 
expected. Many of the observed double infections were likely 
transient. 
Our observation of spatial heterogeneity derives from spatial 
differences in the distribution of 2 groups of trematodes 
(Soldanova et aI., 2011; Soldanova and Kostadinova, 2011). 
The first group includes those species using waterfowl as definitive 
hosts (the echinostomatids, the notocotylid, and the schistoso-
matid), and larid birds (D. pseudospathaceum). All but N. 
attenuatus are transmitted by active miracidia. The second group 
contains P. elegans (a parasite of birds and small mammals) and 
TABLE VII. Summary data for the double infections in restricted dataset and results from the X2 tests for temporal heterogeneity (first line) vs. 
competition (second line). Expected double infections are provided for both null models, NpiPrnull model and Ne;ej"null model, and calculated 
separately for each sampling date at a given pond (sum of expected) and from the pooled data across all sampling dates (expected of pooled). Observed 
double infections also shown. Abbreviations for ponds: V, Vlkovsky; HS, Hluboky Sax; HH, Hluboky u Hamru; Z, Zavadil; VD, Velky Dvorecky; B, 
Bartoiiovsky; S, SpitlilskY. 
Sum of expected Expected of pooled X2 P-value 
Pond Observed NPiPj Neiej NPiPj Neiej NPiPj Neiej NPiPj Neiej 
V 17 76 105 73 94 0.13 1.37 
. 
ns ns 
48.16 79.10 <0.0001 <0.0001 
HS 93 135 153 141 162 0.29 0.57 ns ns 
14.62 26.77 0.0001 <0.0001 
HH 96 161 379 126 137 10.35 457.62 0.001 <0.0001 
28.44 258.40 <0.0001 <0.0001 
Z 9 40 50 32 35 2.04 6.55 ns 0.01 
24.56 34.56 <0.0001 <0.0001 
VD 41 97 124 67 72 13.86 38.84 0.0002 <0.0001 
33.84 58.92 <0.0001 <0.0001 
B 18 53 69 57 72 0.30 0.14 ns ns 
24.70 41.14 <0.0001 <0.0001 
S 5 36 67 35 54 0.03 3.60 ns ns 
29.23 68.42 <0.0001 <0.0001 
• os = P ;;,: 0.05. 
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FIGURE 3. Comparative evaluation of the effects of temporal hetero-
geneity in recruitment and competition on trematode community structure 
for 3 representative cases showing: (A) no significant effect of temporal 
heterogeneity (both null models; communities at pond V); (B) significant 
effect of temporal heterogeneity (both null models; communities at pond 
HH); and (C) significant effect of temporal heterogeneity (NeierIDodel only; 
communities at pond Z). The expected number of double infections was 
calculated using the NpiPrnull model (white bars) and Neiernull model 
(grey bars). In each case, the tendency was for seasonality to intensify 
interactions (second pair of bars; post-recruitment) compared to a null 
model for homogenous recruitment in time (first pair of bars; pre-
recruitment). The effects were stronger for the Neiernull model (grey bars). 
The observed number of double infections (black bar) was significantly 
lower, indicating a strong structuring effect of competition. Error bars 
represent 95% confidence limits. 
0. ranae (a parasite of amphibians) that are recruited to snails 
through ingestion of eggs. Past work in this system indicates that 
the distance among ponds did not drive differences in trematode 
commumtIes (Soldanova et aI., 2011). Instead, pond size and 
management associated with behavioral patterns of birds and 
amphibians, and abundance of second intermediate hosts, 
contributed to the diverse distribution and abundance of passively 
TABLE VIII. Effect of competition on the relative abundance of trematode 
species estimated from restricted dataset across all sites. First two columns 
represent occurrences (single and double infections with each species 
combined) calculated from expected (before competition) and observed 
(after competition) prevalences. Third column (Change %) represents 
percentage losses due to competition for each species. Abbreviations for 
species names: AB, Australapatemon burti; AM, Australapatemon minor; 
CC, Cotylurus cornutus; DP, Diplostomum pseudospathaceum; EA, 
Echinoparyphium aconiatum; ER, Echinostoma revolutum; ERE, Echino-
paryphium recurvatum; HC, Hypoderaeum conoideum; MA, Moliniella 
anceps; NA, Notocotylus attenuatus; OR, Opisthioglyphe ranae; PE, 
Plagiorchis elegans; PR, Paryphostomum radiatum; TS, Trichobilharzia 
szidati. 
Trematode 
species Before competition After competition Change (%) 
HC 176.8 168 -5.0 
ERE 1.1 1 -5.7 
ER 179.6 167 -7.0 
NA 39.1 36 -7.8 
EA 80.4 74 -7.9 
PR 253.5 233 -8.1 
DP 454.0 406 -10.6 
PE 2,019.4 1,804 -10.7 
OR 1,285 1,130 -12.1 
TS 136.6 112 -18.0 
CC 1.5 1 -33.8 
AB 59.0 32 -45.7 
AM 34.3 16 -53.4 
MA 0 11 no estimate 
Total 4,720.5 4,191 -11.2 
and actively transmitted species (Soldanova et aI., 2011). In 
particular, pond V supported higher species diversity and higher 
infection levels of generalist parasites of waterfowl (especially 
ducks and larids). Because most of the dominant competitors 
involving rediae species and D. pseudospathaceum were in pond V, 
there was an opportunity for some subordinate species in other 
ponds to avoid competition. 
The structure of larval trematode communities was also 
significantly affected by temporal heterogeneity. In 3 ponds 
(HH, VD, and Z), seasonal pulses of autumn infections intensified 
trematode interactions. These double infections were driven 
mostly by a high prevalence of P. elegans and O. ranae. However, 
this pattern did not occur in pond HS (sample sizes were too small 
to assess seasonality in ponds Band S). Because trematode species 
do not necessarily have to recruit at the same time to interact, 
temporal heterogeneity may not strongly affect the frequency of 
interactions (Kuris and Lafferty, 1994). 
Competition 
Larval trematode commumtIes in L. stagnalis were strongly 
influenced by competitive exclusion. Very few double infections 
were seen relative to those expected after accounting for temporal 
and spatial heterogeneity (Fig. 2). The vast majority of multiple 
infections were between the prevalent sporocyst species P. elegans 
and 0. ranae due to their high recruitment rates (Soldanova and 
Kostadinova, 2011). These 2 species are probably able to co-exist 
for some time and the outcome may vary. 
Our hierarchy, postulated for the larval trematodes of L. 
stagnalis, is similar to that of Lymnaea rubiginosa provided by 
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Kuris (1990). The suite of trematodes in the latter includes 
echinostomatids, schistosomatids, and strigeids in shared genera 
and an unidentified plagiorchiid. The L. rubiginosa system is 
uniquely informative because interactions among larval trema-
todes were demonstrated using experimental double infections 
(reviewed by Lie et aI., 1968; Lim and Heyneman, 1972). The 
postulated interspecific competitive relationships among trem-
atodes in our system corresponds, to a degree, to the common 
pattern in the published hierarchies in that species developing in 
sporocysts only are generally subordinate to rediae species that 
are capable of active predation, i.e., direct antagonism of Lie 
(1967; Lie et aI., 1968; Lim and Heyneman, 1972; Kuris, 1990; 
Fernandez and Esch, 1991a; Sousa, 1992, 1993). The exclusion 
of sporocyst species by rediae species occurred within 21-28 days 
(Soldanova and Kostadinova, 2011). However, the sporocyst 
species D. pseudospathaceum appeared to outcompete the other 
sporocyst species and prevent co-infection by rediae species. An 
advantage of prior arrival is also seen for the closely related 
Diplostomum scheuringi (Fernandez and Esch, 1991a). Perhaps 
as an adaptation for prior arrival, D. pseudospathaceum 
primarily infects juvenile snails. This is in line with the 
suggestion of Riley and Chappell (1992; reviewed in Adema 
and Loker, 1997) for the ability of Diplostomum spathaceum 
(probably D. pseudospathaceum, see Niewiadomska, 1986) to 
induce changes in L. stagnalis' immature defense system. 
However, we found that D. pseudospathaceum also frequently 
infected mature snail cohorts, perhaps due to its high 
colonization rates in the area (Soldanova and Kostadinova, 
2011). The subordinate position of the strigeids in our hierarchy 
is similar to that of the unidentified strigeids and Cotylurus lutzi 
in the postulated hierarchies for the trematodes in C. cali/ornica 
and L. rubiginosa (Kuris, 1990). Among the rediae species, E. 
aconiatum, P. radiatum, and N. attenuatus were observed to 
replace E. revolutum and H. conoideum (HC), which possess 
smaller rediae (Nasincova, 1992). One possible explanation 
could be that large rediae tend to dominate small rediae (Kuris, 
1990). Otherwise, prior occupancy may determine the winner in 
interactions between the 7 dominant species, a pattern demon-
strated for some pairs of echinostomatids involving Echinostoma 
audyi, Echinostoma hystricosum, Hypoderaeum dingeri, and 
Echinoparyphium dunni in a related snail species, L. rubiginosa 
(Lie et aI., 1966). 
In L. stagnalis, the interactions were sometimes complex and 
not fully transitive, e.g., T. szidati and M. anceps. This is not 
without precedent. For instance, Lie (1973) experimentally 
demonstrated a circular competitive hierarchy by combining 2 
rediae species, H. dingeri and E. audyi, with a sporocyst species, 
Trichobilharzia brevis, in the same snail host; the presence of 
degenerating rediae of H. dingeri due to suppression by T. brevis 
inhibited the development of the highly predatory E. audyi and, 
therefore, T. brevis was not excluded. Prior infection may impair a 
snail's immune system, making the infected host more susceptible 
to another infection (Lie et aI., 1973; Loker, 1994). As with other 
avian schistosomes of the genera Trichobilharzia and Austrobil-
harzia, T. szidati may be an obligate secondary invader that only 
infects snails with compromised immunity or may be able to 
persist for a very long time in double infections with otherwise 
dominant species (Lie et aI., 1966; Lie, 1973; Walker, 1979; Kuris, 
1990). This is consistent with our observations, as T. szidati was 1 
of the species most frequently involved in multiple infections. In 
contrast, direct evidence of species replacement indicates T. szidati 
was otherwise subordinate in our system. Another secondary 
invader was M. anceps, which occurred exclusively in double 
infections with T. szidati and P. elegans, always being found to 
invade the latter. However, M. anceps may be rapidly excluded 
from these co-infections through strong, non-predatory antago-
nism by a sporocyst species, a mechanism similar to that 
demonstrated for a redia-sporocyst-only species combination 
(Ow-Yang and Lie, 1972). 
Overall, our analysis demonstrates that competition in individ-
ual hosts structures the component trematode community at the 
snail population level. As a result, we estimate that competition 
eliminated 11.2% of the trematode infections from the system. 
The model system studied thus provides general insight into the 
extent to which species interactions can structure communities in 
the midst of spatial and temporal variation in habitat use. 
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COEXISTENCE AND GENETIC VARIABILITY OF CONTRA CAECUM RUDOLPHII A AND 
CONTRA CAECUM RUDOLPHII B (NEMATODA: ANISAKIDAE) IN CORMORANTS, 
PHALACROCORAX CARBO SINENSIS, IN THE BALTIC REGION 
Beata Szostakowska and Hans-Peter Fagerholm* 
Department of Tropical Parasitology, Institute of Maritime and Tropical Medicine, Medical University of Gdansk, Poland. e-mail: hafagerh@abo.fi 
ABSTRACT: Although numerous genetically isolated entities within Contracaecum rudolphii sensu lato are presently defined, 
information on the distribution and ecology of these groups is nonetheless in demand. In the present study, information based upon 
DNA sequence data (restriction analysis and sequencing of rDNA) on the distribution of the species C. rudolphii A and C. rudolphii B 
in the cormorant Phalacrocorax carbo sinensis from the Baltic region (Poland and Finland) is provided. These data corroborate 
previous work that identified C. rudolphii A in brackish water regions and C. rudolphii B in fresh water sites, although mixed infections 
also occur, The 2 species may inhabit the same host specimen, One rare heterozygote of the species was recorded. 
Species of the genus Contracaecum commonly occur as 
parasites of birds, but also seals and some dolphins. More than 
130 different bird species have been reported to harbor parasites 
of this genus. Morphospecies of the genus, Contracaecum 
rudolphii sensu lato, are common anisakid parasites of fish-eating 
birds worldwide. They have been reported from different bird 
species from Europe, Asia (including India and Japan), northern 
and southern Americas, and Africa, as well as Australia and New 
Zealand (Fagerholm and Overstreet, 2008). The most common 
host species are cormorants and shags (Phalacrocorax spp.), but 
also different pelican species, with the nematodes often recovered 
from the proventriculus. 
Initially, multilocus enzyme electrophoretic studies performed 
on C. rudolphii s.l. from different geographical regions of Europe 
revealed this morphospecies not to be genetically homogenous. 
These investigations definitively determined the existence of 2 
reproductively isolated species parasitizing cormorants (Phala-
crocorax carbo) in Europe, The sibling species were denoted as 
C. rudolphii A and C. rudolphii B (Bullini et aI., 1986). It was 
suggested by the authors that C. rudolphii A occurs mainly in 
cormorants dwelling in brackish waters and C. rudolphii B mainly 
in birds inhabiting freshwater reservoirs. These results, based on 
isozyme data, have subsequently been verified by polymerase 
chain reaction (PCR) -based studies on first (ITS-I) and second 
(ITS-2) internal transcribed spacers of nuclear ribosomal DNA 
(rDNA) (Li et aI., 2005). Further work on the occurrence of adult 
C. rudolphii A and B in cormorants, as well as of larvae in 
European fish, have been made (Szostakowska and Fagerholm, 
2007; Farjallah, Merella et aI., 2008). Recent efforts have revealed 
the existence of some other genotypes within the C. rudolphii 
complex, designated C. rudolphii C, parasitizing double-crested 
cormorant (Phalacrocorax auritus) in Sarasota Bay on the Gulf 
coast of Florida in North America (D'Amelio et aI., 2007), 2 
species designated C. rudolphii D and C. rudolphii E in black 
cormorant (P. carbo), pied cormorant (Phalacrocorax varius) in 
New South Wales and Victoria, Australia (Shamsi et aI., 2009) 
and, the most recently identified, C. rudolphii F from brown 
pelican (Pelecanus occidentalis) in the northern Gulf of Mexico 
(D'Amelio et aI., 2012). 
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Studies on the parasite fauna of the great cormorant (P. carbo 
sinensis) in Europe have provided quantitative information on the 
prevalence of C. rudolphii sensu lato. It has been established that 
the great cormorant is the main host of this entity (Zuchowska, 
2000; Szostakowska et aI., 2002; Sulgostowska et aI., 2004). The 
extensive studies of the latter authors showed a 100% prevalence 
and high intensity of infection of the great cormorant inhabiting 
both brackish and freshwater regions in northeastern Poland, 
with as many as 457 specimens of C. rudolphii s.I. in the 
proventriculus of a single host. 
Fish serve as paratenic hosts for C. rudolphii A and B. It has 
been found that C. rudolphii B can infect fish residing in both 
brackish and freshwater habitats, but C. rudolphii A was found 
only in brackish water habitats (Szostakowska and Fagerholm, 
2007). It was also established that cormorants are able to migrate 
between these distinct habitats during the breeding season, 
pending availability of food items (Tomasz Mokwa, pers. obs.). 
. The aim of the present study was to define the distribution of C. 
rudolphii A and C. rudolphii B in different types of environment in 
the Baltic region (Poland and Finland), as well as to determine if 
the 2 genotypes can coexist in the stomach of single hosts. In 
addition, the large number of individuals analyzed by DNA 
sequencing allowed us to estimate the polymorphism in the ITS-I 
and ITS-2 sequences among individuals of the same species. 
MATERIALS AND METHODS 
Two hundred sixty-one specimens of C. rudolphii from 28 great 
cormorants were included in our analyses. They were all adult worms, 
Birds originated from 3 localities, i.e., colonies situated around freshwater 
lakes at Mazury (the vicinity of Elk town, 53°50'N, 22°21'E; Rogojny and 
Pasym villages, 54°04'N, 22°14'E and 53°39'N, 20047'E, respectively), 
northeastern Poland, sea shore of the Gdansk Bay (near 54°21 'N, 
19°13'E), southern Baltic Sea, Poland, and northeastern Aland Islands 
(65°21 'N, 20025'E), northern Baltic Sea, Finland (Table I). The average 
number of nematodes analyzed from a single bird host was 9 (range 3-39). 
At Mazury, licensed birds were shot. Other birds (Gdansk Bay and Aland 
Islands) were accidentally caught in gill nets by fishermen. Birds were 
necropsied after catch, or were frozen at -20 C and examined after 
thawing. Nematodes were isolated from stomachs ofthe birds and washed 
in distilled water; specimens morphologically identified as C. rudolphii 
(based on Barus et aI., 1978; Fagerholm, 1988) were frozen separately at 
-20 C in Eppendorf tubes prior to DNA isolation. 
The nuclear rDNA of parasites was analyzed. The sequence differences 
in ITS-I and ITS-2 of rDNA of C. rudolphii A and C. rudolphii B make 
a specific identification of the nematodes possibie. Two molecular 
techniques were used: PCR-RFLP analysis and DNA sequencing. All 
261 nematodes were analyzed with the use of the PCR-RFLP method to 
identify species, whereas 145 of them were also subjected to sequencing to 
analyze interspecific sequence diversity (Table I). 
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TABLE I. Nematodes from the proventriculus of Phalacrocorax carbo 
sinensis examined, including their geographical origin. * 
Gdansk Bay, Mazury, Aland Island, 
Poland Poland Finland Total 
(12 birds) (15 birds) (3 birds) (28 birds) 
Number of 142 98 21 261 
Specimens 
examined 64 60 21 145 
* Upper row: total number of specimens analyzed (PCR-RFLP or PCR-RFLP and 
sequencing). Lower row: number of nematodes analyzed by sequencing. 
DNA extraction 
Total DNA of parasites was isolated according to the manufacturer's 
recommendation with the use of a Genomic Mini Kit (A&A Biotechnol-
ogy, Gdynia, Poland), based on the property of DNA to adsorb to the 
silica surfaces in the presence of a high concentration of chaotropic salts. 
Restriction analysis 
The PCR product analyzed with the use of RFLP technique embraced 
ITS-I, 5.8S rRNA gene, and ITS-2, together with flanking sequences, i.e., 
the 3' end of 18S rRNA gene and 5' end of 28S rRNA gene of the rDNA. 
The product was amplified with the use of the following primer pairs: NC5 
complementary to the conserved region coding the 18S rRNA and NC2 
complementary to the conserved region coding the 28S rRNA (Zhu et aI., 
2000). DNA amplification reaction mixture consisted of 5 ~l of 10 x PCR 
buffer (A&A Biotechnology), 0.25 mM of each dNTP (Fermentas, Vilnius, 
Lithuania), 0.4 ~M of each primer, I U of RUN polymerase (A&A 
Biotechnology), and 5 ~I of genomic DNA, all in a 50-~1 reaction volume. 
PCR reaction conditions were as follows: initial activation of RUN 
polymerase at 94 C for 3 min; 35 cycles of denaturation at 94 C for I min, 
annealing at 48 C for I min, and an extension at 72 C for 2 min, followed 
by final extension step at 72 C for 3 min, then finished with a hold step at 
4 C. Amplification was carried out in GeneAmp PCR System thermo-
cyclers (Applied Biosystems, Foster City, California). The amplification 
products were analyzed with the use of 2 restriction enzymes AluI and 
TaqI (Promega, Madison, Wisconsin). The digestion was carried out 
according to manufacturer recommendation. 
The PCR products were electrophoresed on 1% agarose (Sigma, St. Louis, 
Missouri), and the restriction fragments on 3% agarose (Invitrogen, Groningen, 
The Netherlands), and were visualized following ethidium bromide staining. 
DNA sequencing 
The PCR products sequenced were internal transcribed spacers ITS-I 
and ITS-2 ofrDNA. The ITS-I was amplified with the use of primers NC5 
(forward) and NCl3 (reverse), and the ITS-2 was amplified with the use 
of primers XZI (forward) and NC2 (reverse) (Zhu et aI., 2000). The 
ITS-l 
TABLE II. The number of Contracaecum rudolphii A, C. rudolphii B, and C. 
rudolph;; AlB detected in areas studied. 
C. rudolphii C. rudolph;; C. rudolphii 
A B AlB Total 
Gdansk Bay 66 (46.5%) 75 (52.8%) I (0.7%) 142 (100%) 
Mazury 5 (5.1%) 93 (94.9%) 0(0.0%) 98 (100%) 
Aland Islands I (4.8%) 20 (95.2%) 0(0.0%) 21 (100%) 
Total 72 (27.6%) 188 (72.0%) I (0.4%) 261 (100%) 
composition of reaction mixtures and PCR reaction conditions were similar 
to those described in Szostakowska and Fagerholm (2007). Nested PCRs 
were performed when amplification of ITS-2 was not successful, whereby 
the PCR product obtained with primers NC5 and NC2 was the template for 
a second PCR with the primers XZI and NC2. Only I ~I of DNA template 
was used in the second PCR, compared to 2 ~l in a 50-~1 volume. 
All PCR products included in direct sequencing were cleaned using the 
Clean Up Kit protocol (A&A Biotechnology). The products of sequencing 
were purified with the use of ExTerminator Kit (A&A Biotechnology) and 
were subjected to analysis on an automatic ABI PRISM 310 DNA 
sequencer (Applied Biosystems) with standard procedure described by the 
manufacturer. The sequences obtained were then analyzed, aligned, and 
compared with data from GenBank with the use of GeneStudio Pro 
Software (GeneStudio, Inc., Suwanee, Georgia). Standard genetic statistics 
were estimated with DnaSP 5.10.01 software (Librado and Rozas, 2009). 
RESULTS 
A summary of specimens representing C. rudolphii A, C. 
rudolphii B, and a hybrid detected in this study is provided 
(Table II). The endonucleases chosen made a differentiation of C. 
rudolphii A and C. rudolphii B, as well as hybrid specimen 
possible. Restriction patterns obtained for both species digested 
with AluI and TaqI endonucleases differed, and the restriction 
pattern obtained for I identified hybrid specimen embraced all 
bands characteristic for both C. rudolphii A and C. rudolphii B 
(not shown). 
The PCR-RFLP analysis of 261 nematodes demonstrated that 
C. rudolphii B dominates in all areas studied. However, it was only 
slightly more abundant than C. rudolphii A at Gdansk Bay (ratio: 
1.14:1.0), and at Mazury and Aland Islands the differences in 
frequency of occurrence of both species were much more distinct 
(ratio 18.6: 1.0 and 20.0: 1.0, respectively) (Table II). It was also 
determined that concurrent infections of cormorants with C. 
10 20 30 40 50 60 70 80 90 100 
C. rudolph;; A OQ316967 ATCGAGCTAAACCAAAAAGTCTCCTTACGTGCATAAATTCCATTTGCGCGTAATCGTGAGCCATGCATCGAGTCATACACATGTGGTGGCAGCCGTCGGC 
G238 )Q071414 ................................................................................................... . 
110 120 130 140 150 160 170 180 190 200 
C. rudolph;; A OQ316967 TGTTTTTCATTTGGCTGACAATGGCTTATGGCTTGTTGTGTGTTGAGGGGAAGTTAGTGATCCGATATGCTAGAAAGGCGGATCGATAGCGCTAATTTCC 
G238 )Q071414 .................................................... R .............................................. . 
210 220 230 240 250 260 270 280 290 300 
C. rudolph;; A OQ316967 TCGTTATTCTCAACAACGGTGTCCACTTTGGCGTCTACGCCTCACCTAGCTATCGCCCGGACCGTCGGTAGCAATGAAAGGTGGGGAGAAAGTTCCTCTC 
G238 )Q071414 ................................................................................................... . 
310 320 330 340 350 360 370 380 390 400 
C. rudolph;; A OQ316967 TATGAGTTGAGCAGACTTAATGAGCCCTGCGTGAGGGCCGCCAAAACCCAAAACACAACCGTTTCTTTTCATTTCTGAAGTTGACCGATGAGTCGAGGCG 
G238 )Q071414 ................................................................................................... . 
410 420 430 440 450 
C. rudolph;; A OQ316967 TCCCGCCGTTCCATTCTTGGATATGCGGGCGTGTTGATGAGTCGTTAACTA 451 
G238 )Q071414 ................................................... 451 
FIGURE l. Alignment of sequence of ribosomal DNA ITS-I of Contracaecum rudolphii A from Gdansk Bay obtained in this study (symbol G238, 
deposited in GenBank) that differ from sequences deposited in GenBank thus far in comparison to exemplary sequence of C. rudolph;; A available in 
GenBank (Szostakowska and Fagerholm, 2007). Polymorphic sites were designated with the use of International Union of Pure and Applied Chemistry 
(IUPAC) codes. 
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TABLE III. Number of identified species, Contracaecum rudolphii A, and C. rudolphii B, and hybrid of these (c. rudolphii AlB), in cormorants from 
regions studied. 
Number of nematodes analyzed/total 
Region Symbol of bird number of nematodes found in host C. rudolphii A C. rudolphii B C. rudolphii AlB 
Gdansk Bay ORI1I99 7/no data 
ORI 110 I 19/104 
ORl2/01 15146 
OR/3/01 10-69 
ORl4/01 111103 
OR/2/02 5128 
ORl3103 13/457 
ORI1I04 5145 
ORl2/04 5/328 
ORl3/04 3-55 
ORl4/04 10/29 
ORI1I05 39/no data 
Mazury ELl2/00 8/no data 
ELl3/00 3/no data 
ELl4/00 3/no data 
ELI 1102 7173 
ELI 1103 151191 
ELl4/04 3110 
ELl6/04 7/137 
ELl9/04 5/98 
ELIIO/04 7/204 
ELI 14/04 6/100 
ELlI6/04 5/453 
PAl 1104 12119 
ROI7I04 6/42 
RO/8/04 3120 
ROil 1104 8/78 
Aland ALllI06 21 
rudolphii A and C. rudolphii B were common. From among 12 
birds from Gdansk Bay, almost a half (5 specimens) were 
infected with both C. rudolphii A and B, whereas in 6 birds only 
C. rudolphii B, and in 1 bird only C. rudolphii A was found. 
From among 15 birds from Mazury, C. rudolphii B was detected 
in 12 birds, in 1 bird only C. rudolphii A was present, whereas in 
2 birds there were mixed infections. Also, the single infected 
cormorant (n = 3) from the Aland area was infected with both 
C. rudolphii A and C. rudolphii B, although the former species 
was scarce (Table III). The single hybrid specimen, an adult 
female, detected in a single bird specimen from Gdansk Bay, 
was found among 10 nematodes analyzed (whereas the total 
number of C. rudolphii in the stomach of this cormorant was 29) 
(Table III). 
0 7 0 
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5 0 0 
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0 3 0 
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1 4 0 
0 7 0 
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0 12 0 
0 6 0 
3 0 0 
0 8 0 
I 20 0 
Of the 145 individual nematodes directly sequenced, 34 were 
identified as C. rudolphii A (29 from Gdansk Bay, 4 from Mazury, 
and 1 from Aland Islands), 110 as C. rudolphii B (34 from Gdansk 
Bay, 56 from Mazury, and 20 from Aland Islands) and 1 
identified as a hybrid (from Gdansk Bay), corroborating further 
the hybrid individual identified in the RFLP analysis. 
Only 1 polymorphic site at alignment position 153 ofITS-l was 
observed for C. rudolphii A. One specimen had an A nucleotide 
base, whereas the other 33 nematodes had a G nucleotide base 
(Fig. 1). Haplotype diversity (h) was 0.0294 whereas nucleotide 
diversity (n) was 0.00007. No polymorphic sites were identified for 
ITS-2 of C. rudolphii A. More variation in sequences of ITS were 
found within C. rudolphii B; 5 sites in ITS-l and 1 site in ITS-2, 
were polymorphic (Table IV, Figs. 2, 3). 
TABLE IV. Polymorphism in ITS-I and ITS-2 rDNA observed within Contracaecum rudolphii B, established by sequencing. 
ITS-I ITS-2 
Alignment position 109 A~G 237 A~G 385 C~G 396A~G 413 A~G 176 G~A 
Gdansk Bay (34 specimens) I (2.94%) 1 (2.94%) 0 0 I (2.94%) 2 (5.88%) 
Mazury (56 specimens) I (1.78%) 0 8 (14.29%) 1 * (1.78%) 0 1 (1.78%) 
Aland Islands (20 specimens) 1 (5.0%) 0 4t (20.0%) 0 0 0 
Total (110 specimens) 3 (2.73%) 1 (0.91%) 12 (10.91 %) 1 (0.91%) 1 (0.91%) 3 (2.72%) 
• Homozygote GIG. 
t Two heterozygotes C/G and 2 homozygotes GIG. 
ITS-l 
C. rudolphij 
A200 
A206 
A209 
A213 
A218 
G41 
G60 
G132 
M12 
M20 
M32 
M33 
M88 
M168 
M172 
M173 
M143 
M144 
C. rudolphii 
A200 
A206 
A209 
A213 
A218 
G41 
G60 
G132 
M12 
M20 
M32 
M33 
M88 
M168 
M172 
M173 
M143 
M144 
OQ316968 
JQ071393 
JQO 713 94 
JQO 713 9 5 
JQ071396 
JQ071397 
JQ071398 
JQ071399 
JQ071400 
JQ071401 
JQ071402 
JQ071403 
JQ071404 
JQ071405 
JQ071406 
JQ071407 
JQ071408 
JQ071409 
JQ071410 
B OQ316968 
JQ071393 
JQ071394 
JQ071395 
JQ071396 
JQ071397 
JQ071398 
JQ071399 
JQ071400 
JQ071401 
JQ071402 
JQ071403 
JQ071404 
JQ071405 
JQ071406 
JQ071407 
JQ071408 
JQ071409 
JQ071410 
C. rudolphjj B 
A200 
OQ316968 
JQ071393 
JQ071394 
JQ071395 
JQ071396 
JQ071397 
JQ071398 
JQ071399 
JQ071400 
JQ071401 
JQ071402 
JQ071403 
JQ071404 
JQ071405 
JQ071406 
JQ071407 
JQ071408 
JQ071409 
JQ071410 
A206 
A209 
A213 
A218 
G41 
G60 
G132 
M12 
M20 
M32 
M33 
M88 
M168 
M172 
M173 
M143 
M144 
C. rudolphij 8 
A200 
A206 
A209 
A213 
A218 
G41 
G60 
G132 
M12 
M20 
M32 
M33 
M88 
M168 
M172 
M173 
M143 
M144 
C. rudolphij 
A200 
A206 
A209 
A213 
A218 
G41 
G60 
G13 2 
M12 
M20 
M32 
M33 
M88 
M168 
M172 
M173 
M143 
M144 
OQ316968 
JQ071393 
JQ071394 
JQ071395 
JQ071396 
JQ071397 
JQ071398 
JQ071399 
JQ071400 
JQ071401 
JQ071402 
JQ071403 
JQ071404 
JQ071405 
JQ071406 
JQ071407 
JQ071408 
JQ071409 
JQ071410 
DQ316968 
JQ071393 
JQ071394 
JQ071395 
JQ071396 
JQ071397 
JQ071398 
JQ071399 
JQ071400 
JQ071401 
JQ071402 
JQ071403 
JQ071404 
JQ071405 
JQ071406 
JQ071407 
JQ071408 
JQ071409 
JQ071410 
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ATCGAGCCAAACCAAAAAGTCTCCTTACGTGCATAAATTCCATTTGCGCGTAATCGTGAGCCATGCAGCGAGTCATACACATGTGGTGGCAGCCGTCGGC 
110 120 130 140 150 160 170 180 190 200 
TGTTTTTCATTTGGCTGACAATGGCTTATGGCTTGCTGTGTGTTGAGGGGAAGTGAGTGATCCGATATGCTAGAAAGGCGGATCGATGGCGCTCATTTCC 
• ••••••• R ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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210 220 230 240 250 260 270 280 290 300 
TCGTTATTCTCAACAACGGTGTCCACTTTGGCGTCTACGCCTCACCTAGCTATCGCCCGGACCGTCGGTAGCAATGAAAGGTGGGGAGAAAGTTCCTCTC 
• ••••••••••••••••••••••••••••••••••• R ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
310 320 330 340 350 360 370 380 390 400 
TATGAGTTGAGCAGACTTAATGAGCCCTGCGTGAGGGCCGCCAAAACCCAAAACACAACCGTTTCTTTTCATTTCCAAAGTTGACCGATGAGTCGAGGCG 
· ........................•.......................................................... 5 .............. . 
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· •.............•.........................•.........•................................ 5 .............. . 
••• • • • • • ••• • • • • ••• ••• • • • • ••• • • ••• • •••• • • ••• • • • • • • • ••• • • • • • • ••• • • • • • • • •• • • • •• • ••• • • ••• • • • • • • • • • • G • ••• 
· ............................................................................•...... 5 .............. . 
· ..................•...........•.........•.......................................... 5 .............. . 
· ................................................................................... 5 .............. . 
· •................................•..............................................•.. 5 .............. . 
· ................................................................................... 5 .............. . 
· ................................................................................... 5 .............. . 
410 420 430 440 450 
TCCCGCCGTTCCATTCTTGGATATGCGGGCGTGTTGATGAGTCGTTAACTA 
• ••••••••••• R •••••••••••••••••••••••••••••••••••••• 
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FIGURE 2. Alignment of sequences of ribosomal DNA ITS-I of specimens of Contracaecum rudolphii B obtained in this study (deposited in GenBank) 
that differ from sequences deposited in GenBank thus far in comparison to exemplary sequence of C. rudolphii B available in GenBank (Szostakowska 
and Fagerholm, 2007). Symbols starting with A, specimens from Aland Islands; symbols starting with G, specimens from Gdansk Bay; symbols starting 
with M, specimens from Mazury. 
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ITS-2 
C. rudolphij 
G57 
G265 
M165 
10 20 30 40 50 60 70 80 90 100 
8 OQ316968 ATATTCAATACTATCCGCACAATGCTTCAGACGAAGCGTGTGGTGCTTTCGACAAGCAGTGTCCCTTTGGGGCGCTCCTTGTTTGGTTTGAACGGCAACT 
JQ071434 - .................................................................................................. . 
JQ071435 ................................................................................................... . 
JQ071436 ................................................................................................... . 
110 120 130 140 150 160 170 180 190 200 
C. rudolph;; 8 OQ316968 TATTGCAAAGATTTACTCGGTAAGCAGCAATAATGGCCGTAAGTGTGTGAGTGATTGTGTACGTCCCTCGATGCGGCCCCCAGTATTTGTTGACTGCCTC 
G57 JQ071434 ........................................................................... R •••••••••••••••••••••••• 
G265 JQ071435 ........................................................................... R •••••••••••••••••••••••• 
M165 JQ071436 ........................................................................... R •••••••••••••••••••••••• 
210 220 230 240 250 260 
C. rudolph;; 8 OQ316968 TGGTGGTGACTGGGGGTTAAGTATCGGATTATCGAAAGAATGTGACATGTCTTATACGGTTATGTGCT 268 
G57 JQ071434 .................................................................... 267 
G265 JQ071435 .................................................................... 268 
M165 JQ071436 ......................................................... ----------- 257 
FIGURE 3. Alignment of sequences of ribosomal DNA ITS-2 of specimens of Contracaecum rudolphii B obtained in this study (deposited in GenBank) 
that differ from sequences deposited in GenBank thus far in comparison to exemplary sequence of C. rudolphii B available in GenBank (Szostakowska 
and Fagerholm, 2007). Symbols starting with G, specimens from Gdansk Bay; symbols starting with M, specimens from Mazury. 
The mutation frequency in certain polymorphic sites varied. (Table IV, Fig. 3). The values of haplotype (h) and nucleotide (n) 
diversities were 0.027 and 0.00011, respectively. Most commonly a C~G transversion in position 385 of ITS-l 
was observed. However, it was not seen in C. rudolphii B from 
Gdansk Bay, whereas in individuals from Mazury and Alands this 
transversion occurred in 14.3% and 20.0% of specimens studied, 
respectively. Moreover, among 4 specimens from Aland with a 
mutation in this alignment position, 2 were heterozygotes C/G, 
whereas the remaining 2 were homozygotes GIG. This site was the 
most variable in ITS-l (Table IV, Fig. 2). 
Not a single specimen with more than 1 polymorphic site present 
at the same time was detected in either ITS-lor ITS-2 in all of the 
material studied. In the sequences of both ITS-l and ITS-2 of a 
hybrid specimen, all the nucleotides that discriminated both C. 
rudolphii A and C. rudolphii B were present. The alignment of 
rDNA ITS-l and ITS-2 of this specimen in comparison to 
sequences from GenBank is presented in Figure 4. 
Variability in the remaining polymorphic sites was detected more 
rarely. It was transition A~G in position 109 of single specimens 
representing all 3 sampling sites, i.e., Gdansk Bay, Mazury, and 
Aland Islands as well as, the same transition in position 237, 396, and 
413 in single specimens from Gdansk Bay and Mazury (Table IV, 
Fig. 2). The haplotype diversity (h) obtained for ITS-l of C. 
rudolphii B was 0.178, whereas nucleotide diversity (n) was 0.00045. 
DISCUSSION 
It was common for the 2 species to coexist in single hosts. 
Further studies might show that this is even more common than 
suggested by our results. This conclusion seems to be supported 
by the fact that very often only a single genotype was found when 
the number of worms examined from 1 bird was low (even when 
the total number of worms in that bird was substantial). Our 
One polymorphic site was detected in ITS-2 within C. rudolphii 
B from Gdansk Bay and Mazury, but not from Aland Islands 
ITS-l and ITS-2 
ITS-1 10 20 30 40 50 60 70 80 90 100 
C. rudolphli A OQ316967 ATCGAGCTAAACCAAAAAGTCTCCTTACGTGCATAAATTCCATTTGCGCGTAATCGTGAGCCATGCATCGAGTCATACACATGTGGTGGCAGCCGTCGGC 
C. rudolphij 8 OQ316968 • •••••• C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• G •••••••••••••••••••••••••••••••• 
G93 JQ071415 • •••••• Y ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• K •••••••••••••••••••••••••••••••• 
110 . 120 130 140 150 160 170 180 190 200 
C. rudolphij A OQ316967 TGTTTTTCATTTGGCTGACAATGGCTTATGGCTTGTTGTGTGTTGAGGGGAAGTTAGTGATCCGATATGCTAGAAAGGCGGATCGATAGCGCTAATTTCC 
C. rudolphij 8 OQ316968 • •••••••••••••••••••••••••••••••••• C •••••••••••••••• •• G • ••••••••••••••••••••••••••••••• G ••••• C •••••• 
G93 JQ071415 • •••••••••••••••••••••••••••••••••• Y •••••••••••••••••• K •••••••••••••••••••••••••••••••• R ••••• M •••••• 
210 220 230 240 250 260 270 280 290 300 
C. rudolphij A OQ316967 TCGTTATTCTCAACAACGGTGTCCACTTTGGCGTCTACGCCTCACCTAGCTATCGCCCGGACCGTCGGTAGCAATGAAAGGTGGGGAGAAAGTTCCTCTC 
C. rudolphij 8 OQ316968 
G93 JQ071415 
310 320 330 340 350 360 370 380 390 400 
C. rudolphij A OQ316967 TATGAGTTGAGCAGACTTAATGAGCCCTGCGTGAGGGCCGCCAAAACCCAAAACACAACCGTTTCTTTTCATTTCTGAAGTTGACCGATGAGTCGAGGCG 
C. rudolphii 8 OQ316968 · .......................................................................... CA ...................... . 
G93 JQ071415 ••••••••••• " •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• YR ••••••••••••••••••••••• 
410 420 430 440 450 
C. rudolph;; A OQ316967 TCCCGCCGTTCCATTCTTGGATATGCGGGCGTGTTGATGAGTCGTTAACTA 451 
C. rudolph;; 8 OQ316968 ................................................... 451 
G93 JQ071415 ................................................... 451 
ITS-2 
C. rudolphij A 
C. rudolphij 8 
G93 
C. rudolphij A 
C. rudolphij B 
G93 
C. rudolphij A 
C. rudolphij 8 
G93 
OQ316969 
OQ316970 
JQ071438 
OQ316969 
OQ316970 
JQ071438 
OQ316969 
OQ316970 
JQ071438 
10 20 30 40 50 60 70 80 90 100 
ATATTCAATACTATCCGCACAATGCTTCAGACGGTTCGTGTGAAGCGTGTGGTGCATTCGACAAGCAGTGTCCCTTTGAGGCGCTCCTTGTCTGGTTTGA 
••••••••••••••••••••••••••••••••• --------- ••••••••••••• T •••••••••••••••••••••• G •••••••••••• T •••••••• 
----- ----- ------ --------- ---------------- •••••••••••••• W •••••••••••••••••••••• R •••••••••••• Y •••••••• 
110 120 130 140 150 160 170 180 190 200 
ACGGCAAATTATTGCAAAGATTTACTCGGTAAGCAGCAATAATGGCCGTAAGTGTGTGATTGATTGTGTACGTCCCTCGATGCGGCCCCCAGTATTTGTT 
• •••••• C ••••••••••••••••••••••••••••••••••••••••••••••••••• G •••••••••••••••••••••••••••••••••••••••• 
• •••••• M ••••••••••••••••••••••••••••••••••••••••••••••••••• K •••••••••••••••••••••••••••••••••••••••• 
210 220 230 240 250 260 270 
GACTGCCTCTGGTGGTGACTGGGGGTTAAGTATCGGATTATCGAAAGAATGTGACATGTCTTATACGGTTATGTGCT 277 
· ............................................................................ 268 
· ............•........••..•...............••...............•..........••..... 236 
FIGURE 4. Alignment of sequences of ribosomal DNA ITS-I and ITS-2 of hybrid specimen of Contracaecum rudolphii AlB from Gdansk Bay 
obtained in this study (symbol G93, deposited in GenBank) in comparison to exemplary sequence of C. rudolphii A and C. rudolphii B available in 
GenBank (Szostakowska and Fagerholm, 2007). 
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previous study showed that in fish from brackish water of Gdansk 
Bay, larvae of both C. rudolphii A and B were present, whereas 
only C. rudolphii B was recorded in fish caught in the freshwater 
lake at Mazury (Szostakowska and Fagerholm, 2007). The 
present results are based on a substantial number of parasites, 
and add a third locality (Aland Islands, representing brackish 
water environment), giving further support to the observation 
that C. rudolphii B occurs both in fresh and brackish water 
systems. However, it seems that C. rudolphii A can successfully 
reproduce only in brackish water. Although 5 specimens 
representing this genotype were encountered in cormorants from 
the Mazury Lake area, they could have easily originated from 
Gdansk Bay, where these birds could have ingested larvae some 
days before. 
With the use of both RFLP analysis and direct sequencing, only 
a single hybrid specimen of C. rudolphii AlB was detected among 
all nematodes examined. The sequences obtained for ITS-I and 
ITS-2 show that this is a FI hybrid (because in all alignment 
positions discriminating species C. rudolphii A and B both 
nucleotides originated from the 2 are present). Detection of only 
a single hybrid specimen in such a large sample size, where a 
mixed incursion of birds with both species is common, 
substantiate the observations made previously that C. rudolphii 
A and C. rudolphii B are reproductively isolated. Recombinant 
species within other anisakid species in areas of sympatry have 
been rarely observed. Most of them were recorded within the 
Anisakis simplex complex. There were hybrids between A. simplex 
s.s. and Anisakis pegreffii detected in Atlantic and Mediterranean 
Sea (Farjallah, Busi et aI., 2008; Farjallah, Slimane et aI., 2008), 
Spanish and Portuguese coasts (Abollo et aI., 2003; Marques et 
aI., 2006), as well as Asian seas. A single hybrid specimen has also 
once been detected in the Atlantic area within Pseudoterranova 
crabbei (Pseudoterranova decipiens A) and P. decipiens s.s. (P. 
decipiens B) with the use of multilocus electrophoretic studies 
(Paggi et aI., 1991). The number of sequenced specimens of C. 
rudolphii A and C. rudolphii B in this study was substantially 
different. This difference in numbers makes it difficult to verify 
accurately any differences in the frequency of mutations within C. 
rudolphii A and C. rudolphii B. On the I hand, it is possible that C. 
rudolphii B, with the ability to complete its life cycle both in 
brackish and freshwater reservoirs (Szostakowska and Fager-
holm, 2007) has a greater potential to adapt to different 
environmental conditions. On the other hand, the genetic 
diversity depends on the size of the population, and for this 
reason, the lower level of intraspecific variability within C. 
rudolphii A may result from the smaller population size of this 
species in the Baltic region. 
Regardless of differences in the genetic variability between C. 
rudolphii A and C. rudolphii B, the variability in ITS-I is bigger 
than in ITS-2 in both species. The difference in length of ITS-I 
and ITS-2 (451 base pairs [hpj for ITS-I and 277 or 268 bp for 
ITS-2 in C. rudolphii A and C. rudolphii B, respectively) can be a 
plausible explanation for why polymorphism in ITS-2 was 
observed more rarely than in ITS-I. However, studies on C. 
rudolphii D and C. rudolphii E, performed on a much smaller 
number of specimens, demonstrated that in these species ITS-2 is 
more variable than ITS-I (Shamsi et aI., 2009). In this study, the 
measures of genetic variability were performed separately for ITS-I 
and ITS-2, and they revealed that ITS-I is more variable than ITS-2 
in both species studied. In further studies on genetic variability 
within populations of sibling species of C. rudolphii, calculations 
should be performed for the entire ITS, because both spacers are 
inherited together. Complete analysis should embrace also studies 
of other genes, for instance, mitochondrial COl, COIl, 12S that 
have been already studied (Farjallah, Merella et aI., 2008; Mattiucci 
et aI., 2008; Garbin et aI., 2011; D'Amelio et aI., 2012). Apart from 
these genes, other mitochondrial genes could also be studied 
because the complete mitochondrion genome of C. rudolphii B is 
available in GenBank and could serve to design primers for 
amplification of other mitochondrial genes. . 
For a better understanding of population genetics within C. 
rudolphii siblings, studies should embrace specimens from more 
distant sampling sites. However, because of high costs of tradi-
tional sequencing, the use of new methods, i.e., pirosequencing, 
could be adopted. An additional subject of study would be to 
establish any genetic difference of Contracaecum spp. populations 
in cormorants from high latitudes, only spending the winter in the 
Baltic region (southern Scandinavia) and P. c. sinensis with an 
apparent Asian origin (Newson et aI., 2004), and the focus of the 
present study. One could then more safely speculate as to the origin 
of the sympatric genetically isolated populations of C. rudolphii. 
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A NEW NEOCALCEOSTOMATID (MONOGENOIDEA) FROM THE GILLS OF THE BLACKFIN 
SEA CATFISH, ARIUS JELLA (SILURIFORMES: ARIIDAE), IN THE BAY OF BENGAL, INDIA 
Delane C. Kritsky, U. Sharneern*, Ch. Pad rna Kurnari*, and I. Krishnaveni* 
Health Education Program, School of Health Professions, Campus Box 8090, Idaho State University, Pocatello, Idaho 83209. e-mail: kritdela@ 
isu.edu 
ABSTRACT: Thysanotohaptor n. gen. (Neocalceostomatidae) is proposed to accommodate Thysanotohaptor rex n. sp. collected from 
the gills of the blackfin sea catfish Ariusjella Day (Siluriformes: Ariidae) from off the coast ofVisakhapatnam, Bay of Bengal, Andhra 
Pradesh, India. Thysanotohaptor is differentiated from the other known neocalceostomatid genera by its species having multiple 
postgermarial testes (single testis in species of Neocalceostoma and Neocalceostomoides), lacking a transverse bar associated with the 
ventral anchor pair (present in species of Neocalceostoma), and possessing a disc-shaped haptor with a pleated marginal frill (frill 
absent in Neocalceostomoides spp.; Neocalceostoma spp. with delicate marginal membranes). The Neocalceostomatidae is considered 
valid within the Order Dactylogyridea based on its members having a haptor armed with 10 marginal and 4 ventral hooks and a 
germarium having a distal loop prior to uniting with the ootype; the family is not assigned to a suborder of Dactylogyridea because of 
uncertainty in part about the way in which the distribution of haptoral hooks evolved within the taxon, 
Sea catfishes (Siluriformes: Ariidae) comprise between 130 and 
150 valid tropical to temperate species occurring in coastal areas, 
estuaries, and lower portions of coastal rivers of the world's 
continents (Betancur-R. et aI., 2007; Marceniuk and Menezes, 
2007). Species ofthe following dactylogyrid and neocalceostomatid 
genera (Monogenoidea) are known to parasitize ariids worldwide: 
Chauhanellus Bychowsky and Nagibina, 1969, Fridericianella 
Brandes, 1894, Harnatopeduncularia Yamaguti, 1953, Hargitrema 
Tripathi, 1957, and Neotetraonchus Bravo-Hollis, 1968 (all 
Dactylogyridae Bychowsky, 1933), and Neocalceostoma Tripathi, 
1957 and Neocalceostomoides Kritsky, Mizelle, and Bilqees, 1978 
(both Neoca1ceostomatidae Lim, 1995). Fuentes Zambrano et a1. 
(2004) described Calceostomella herzbergii Fuentes Zambrano, 
Dezon, and Reyes Leon, 2004 (Calceostomatinae) from Arius 
herzbergii (Bloch) (now Sciades herzbergii [Bloch]) from Venezuela, 
However, the assignment of this helminth to the Ca1ceostomatinae 
Parona and Perugia, 1890 (now Calceostomatidae Parona and 
Perugia, 1890), is likely erroneous, The species probably represents 
a member of the Neoca1ceostomatidae as suggested by the 
similarity of its male and female reproductive systems and haptor 
with those of species presently assigned to the family, 
Examination of sea catfishes from the coastal areas of India 
within the Bay of Bengal for monogenoidean parasites (see 
Kumari, 2008) resulted in the collection of an undescribed 
dactylogyrid-like helminth from the gills of the blackfin sea 
catfish Arius jella Day, In the present paper, the new species is 
described and assigned to a newly proposed genus within the 
Neocalceostomatidae. 
MATERIALS AND METHODS 
Specimens of A. jella were collected by local fishermen from the 
Lawson's Bay area and Visakhapatnam Harbor (Bay of Bengal), near 
Visakhapatnam, Andhra Pradesh, India, from July 2005 through April 
2011. The gill basket was immediately removed from each fish upon 
acquisition and placed in hot (60 C) water to kill and relax the parasites; 
formaldehyde was immediately added to make a 4% formalin solution for 
fixation, Gills were placed in separate vials containing the respective fluids 
and sediment, labeled, and shipped to Idaho State University for study, 
Helminths were subsequently removed from the gills or sediment with 
Received 18 January 2011; revised 16 December 2011; accepted 20 
January 2012. 
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the aid of a small probe and dissecting microscope, Some specimens were 
mounted unstained in Gray and Wess medium for study of sclerotized 
structures; other specimens were stained with Gomori's trichrome, borax 
carmine, or modified Van Cleave's hematoxylin (see Kritsky et aI., 1978; 
Humason, 1979; Bullard et aI., 2004) and mounted in Canada balsam for 
observations of internal anatomy, Measurements, all in micrometers, 
are the greatest straight-line distances between extreme points and are 
expressed as the mean, followed by the range and number (n) of specimens 
measured in parentheses; body length includes that of the haptor. The 
direction of the coil (clockwise vs. counterclockwise) of the male 
copulatory organ (MCO) was determined using the method suggested 
by Kritsky et al. (1985). A microprojector or camera lucida mounted on a 
phase-contrast microscope was used in preparation of the figures. Type 
and voucher specimens of helminths are deposited in the United States 
National Parasite Collection (USNPC), Beltsville, Maryland; the Univer-
sity of Nebraska State Museum, Harold W. Manter Laboratory 
(HWML), Lincoln, Nebraska; and the Natural History Museum 
(NHMUK), London, United Kingdom. 
DESCRIPTION 
Thysanotohaptor n. gen. 
Diagnosis: Order Dactylogyridea Bychowsky, 1937; Neocalceostomati-
dae Lim, 1995. Body fusiform, flattened dorsoventrally, comprising body 
proper (cephalic region, trunk, peduncle) and haptor. Tegument smooth. 
Cephalic region broad, with 2 terminal and 2 bilateral cephalic lobes. 
Three pairs of head organs; cephalic glands numerous, posterolateral to 
pharynx. Four eyespots; chromatic granules minute, subovate to 
subspherical. Mouth subterminal, midventral; pharynx muscular, glandu-
lar, divided into 2 regions by medial constriction, with 6 internal papillae; 
esophagus present; intestinal ceca 2, lacking diverticula, apparently 
terminating blindly as in other members of the Neocalceostomatidae. 
Excretory pores bilateral; excretory vesicle absent; excretory ducts 
extending diagonally toward lateral margins of germarium, where they 
are directed posteriorly medial to intestinal ceca, Common genital pore 
midventral, slightly posterior to esophageal bifurcation. Gonads tandem, 
intercecal. Germarium pretesticular, pyriform, with narrow anterior end 
looping dorsoventrally; ootype receiving ducts of Mehlis' gland, common 
vitelline duct and proximal duct of seminal receptacle; Mehlis' gland large, 
butterfly shaped. Uterus extending ventrally toward common genital pore, 
comprising 2 chambers separated by constriction near midlength; 
posterior chamber with thick wall; wall of anterior chamber delicate. 
Vaginal pore dextroventral; vaginal vestibule present. Vitellaria compris-
ing 2 bilateral bands of follicles coextensive with intestinal ceca; bilateral 
vitelline ducts converging toward midline to form common vitelline duct 
at level of Mehlis' gland. Multiple testes generally forming 2 parallel 
anteroposterior rows posterior to germarium; vas efferentia, proximal 
portion of vas deferens not observed; lateral portion of vas deferens 
dorsoventrally looping left intestinal cecum and excretory duct at level of 
Mehlis' gland, extending to seminal vesicle; seminal vesicle with thick wall, 
a simple dilation of vas deferens near level of distal end of MCO; 
ejaculatory duct elongate, lying in parallel with 2 prostatic ducts and 
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extending to base of MCO; prostatic ducts parallel, originating from 
bilateral prostatic masses dorsal to level of genital pore, entering thick-
walled prostatic reservoir near base of MCO; short duct from prostatic 
reservoir extending to base of MCO. Copulatory complex comprising 
un articulated tubular MCO and accessory piece. Haptor disc shaped, with 
delicate, pleated, marginal frill, pair of ventral anchors (haptoral bar 
absent) and 14 (7 pairs) ventral hooks. Anchors situated near center of 
haptor; 1 pair of hooks mid ventral in haptor near shafts of anchors; 
distribution of remaining hooks in haptor unclear, most apparently spaced 
along haptoral margin at base of haptoral frill. Hook delicate, with 
protruding blunt thumb, slender shank of 1 subunit. Parasites of the gills 
of marine ariid catfishes (Siluriformes). 
Taxonomic summary 
Type and only species: Thysanotohaptor rex n. sp. 
Type host: Blackfin sea catfish, Arius jella Day (Siluriformes: Ariidae). 
Site of infection: Gills. 
Etymology: The generic name (a noun) is from Greek (thysanotos = 
fringed + hap tor = a structure to fasten to something) and refers to the 
presence of the haptoral frill. 
Remarks 
Lim (1995) proposed the Neocalceostomatidae to include Neocalceos-
toma elongatum Tripathi, 1957, and 4 species of Neocalceostomoides 
(Neocalceostomoides arii [Unnithan, 1964] Kritsky, Mizelle, and Bilqees, 
1978; Neocalceostomoides spinivaginalis Lim, 1995, Neocalceostomoides 
hamatum Lim, 1995, and Neocalceostomoides simplex Lim, 1995) from the 
gills of ariid catfishes from India and Malaysia. Concurrently, Whitting-
ton and Kearn (1995) utilized the classification of Kritsky et al. (1978) 
rather than that of Boeger and Kritsky (1993) when they described 
Neocalceostomoides brisbanensis Whittington and Kearn, 1995, from an 
ariid off Australia and assigned the new species to the Calceostomatinae of 
the Dactylogyridae. Boeger and Kritsky (1993) had previously elevated the 
Calceostomatinae to family status in their revision of the classification of 
the Monogenoidea. While the phylogenetic position and validity of the 
Neocalceostomatidae have not been clearly established or universally 
accepted (see Boeger and Kritsky, 2001), the family is provisionally 
recognized herein to include species having a disc-shaped adult haptor 
armed with a pair of ventral anchors and 14 pairs of hooks (10 marginal 
and 4 ventral), and a narrowed distal end of the germarium forming a loop 
before fusing with the ootype. These morphological features distinguish 
the Neocalceostomatidae from the 2 families in which its species had been 
previously assigned: the Calceostomatidae (anterior germarialloop absent 
[but see Nagibina, 1968]; 12 hooks [6 pairs] marginal and 2 hooks [1 pair] 
ventral in the adult haptor) and the Dactylogyridae (anterior germarial 
loop absent [but see Kritsky, 2012]; 10 hooks [5 pairs] ventral and 4 hooks 
[2 pairs] dorsal in the adult haptor). 
The haptoral hooks of the type species Thysanotohaptor rex are easily 
missed using phase-contrast microscopy because of their delicate nature 
and the obscuring effect of the haptoral frill in unstained specimens 
mounted in Gray and Wess medium. During the present study, the hook 
pair associated with the shafts of the ventral anchors was generally visible, 
but the remaining hooks were often difficult or impossible to find in most 
unstained specimens. Indeed, the full complement of hooks was observed 
in only I unstained para type, although the respective positions of the 
marginal pairs and the second ventral pair in the haptor were not fully 
determined. Most of the hooks in this specimen were observed near the 
base of the haptoral frill, but the second ventral pair, presumed to be 
present, was not specifically identified. Nonetheless, Thysanotohaptor was 
assigned to the Neocalceostomatidae based on the general morphology of 
the body and reproductive systems, particularly the presence of the 
anterior loop of the germarium in its type species. The fact that T rex 
is parasitic on an ariid catfish, as are all other members of the 
Neocalceostomatidae, provided additional support for this assignment. 
Thysanotohaptor most closely resembles Neocalceostomoides by their 
respective species lacking a transverse bar associated with the haptoral 
anchor pair. Thysanotohaptor is distinguished from this genus and 
Neocalceostoma by its type species having multiple testes (single testis in 
species of Neocalceostomoides and Neocalceostoma) and a disc-shaped 
haptor with a pleated marginal frill (frill absent in Neocalceostomoides 
spp.; Neocalceostoma spp. with a delicate marginal membrane). 
Thysanotohaptor rex n. sp. 
(Figs. 1-6) 
Diagnosis: Body 2,560 (1,890-3,250; n = 23) long; greatest width 391 
(246-485; n = 31), usually in trunk at level of gonads. Cephalic lobes well 
developed; cephalic glands extending posteriorly from pharynx to level of 
common genital pore. Eyespots lacking lenses; members of anterior pair 
smaller, slightly farther apart than those of posterior pair; accessory 
chromatic granules generally absent. Greatest width of pharynx 124 (81-
162; n = 29); pharyngeal papillae well developed. Excretory pores 
submarginal near anterior extent of Mehlis' gland. Peduncle short to 
nonexistent; haptor 1,160 (821-1,480; n = 27) long, elongate ovate, with 
sides and frill usually folded ventrally. Anchor 28 (26-31; n = II) long, with 
broad rectangular deep root, upright superficial root, evenly curved shaft, 
and scoop-shaped straight point. Hook 14 (12-15; n = 14) long, delicate; 
filamentous hook (FH) loop about 112 shank length. Male copulatory organ 
219 (190-246; n = 16) long, a meandering tube with distal counterclockwise 
coil of 1 to 2 rings; base of MCO with small flange frequently appearing 
hollow. Accessory piece 47 (43-52; n = 16) long, spatulate, lying at level of 
distal coil of MCO; articulation process absent. Testes 8 to 10; each 85 (67-
110; n = 28) wide, usually subspherical; margins of individual testes often 
unapparent in some specimens. Germarium 288 (187-419; n = 23) long, 151 
(120-205; n = 23) wide, pyriform; Mehlis' glands comprising 2 bilateral 
groups of cells extending from lateral body margin to ootype. Vaginal pore 
at level of Mehlis' gland; vaginal vestibule sausage-shaped; vaginal canal 
delicate, narrow, extending to pregermarial seminal receptacle. Vitellaria 
dense, extending into peduncle dorsal to origin of haptor, frequently 
appearing lobulate along lateral margin of trunk; bilateral zones of vitellaria 
confluent anterior to copulatory complex; bilateral vitelline ducts at level of 
Mehlis' gland. Eggs not observed. 
Taxonomic summary 
Type host: Blackfin sea catfish Arius jella Day. 
Type locality: Off the Visakhapatnam coast (Lawson's Bay area), Bay of 
Bengal, Andhra Pradesh, India (17°47'N, 83°50'E); 18 March 2011-15 
April 2011. 
Other record: Arius jella; off the Visakhapatnam coast (Visakhapatnam 
Harbor), Bay of Bengal, Andhra Pradesh, India (17°47'N, 83°50'E); 2-10 
December 2010. 
Site: Gill lamellae. 
Prevalence: Fifteen of 37 hosts infected (41 %). 
Mean intensity: 3.7 parasites per host. 
Mean abundance: 1.5 parasites per host. 
Specimens studied: Holotype, USNPC 104901; 70 paratypes, USNPC 
104902, 104912, HWML 49733, NHMUK 2011.10.17.1-15; 20 voucher 
specimens, USNPC 104905, 104906, 104908, 104910. 
Etymology: The specific name (a noun) is from Latin (rex = king, royalty). 
Remarks 
Thysanotohaptor rex n. sp. is the type and only species assigned to the 
genus. It occurred on the gills of Arius jella along with undetermined species 
of Hamatopeduncularia (6 species), Chauhanellus (3 species), Neocalceosto-
moides (1 species), and 1 species apparently representing an undefined genus 
of Neocalceostomatidae and congeneric with Calceostomella herzbergii 
Fuentes Zambrano, Dezon, and Reyes Leon, 2004 (see Kumari, 2008). 
DISCUSSION 
The classification of the dactylogyrid-like monogenoids has 
undergone considerable flux since the early twentieth century when 
Johnston and Tiegs (1922) placed them within the Tetraonchinae 
Monticelli, 1903t of the family Gyrodactylidae van Beneden and 
Hesse, 1863 (superfamily Gyrodactyloidea van Beneden and Hesse, 
1863t). Subsequent authors have proposed new and modified 
tThe awarding by Yamaguti (1963), Price (1937a), and other investigators 
of Bychowsky (1937 or 1957) as author of the Tetraonchidae and 
Johnston and Tiegs (1922) as authors of the Gyrodactyloidea is 
erroneous based on Article 36 (Principle of Coordination) of the 
International Code of Zoological Nomenclature, 4th edition. 
FIGURE I. Whole mount of Thysanotohaptor rex n. g., n. sp. 
(composite, ventral). 
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classifications to incorporate the many new species and high 
diversity that had been discovered following the proposal of 
Johnston and Tiegs' (1922) classification (Price, 1934-1936, 1937a, 
1937b; Bychowsky, 1937, 1957; Yamaguti, 1963; Lebedev, 1988). 
Utilizing the classification proposed by Bychowsky (1937, 1957) 
and modified by Lebedev (1988) as a foundation, Boeger and 
Kritsky (1993) were the first to revise the Class Monogenoidea 
based on an objective phylogenetic analysis using a variety of 
anatomical and ultrastructural characters. These authors placed the 
dactylogyrid-like forms in the Order Dactylogyridea, which 
included 5 suborders: the Calceostomatinea Gussev, 1977, Neo-
dactylodiscinea Boeger and Kritsky, 1993, Amphibdellatinea 
Boeger and Kritsky, 1993, Tetraonchinea Bychowsky, 1937, and 
Dactylogyrinea Bychowsky, 1937. Neocalceostoma and Neocal-
ceostomoides were assigned to the Calceostomatidae of the 
Calceostomatinea (see Kritsky et ai., 1978). Boeger and Kritsky 
(2001) did not include the subsequently proposed Neocalceosto-
matidae (with Neocalceostoma and Neocalceostomoides as its 
component taxa) as an in-group taxon in their analysis of the 
Monogenoidea because of uncertainty about its validity in their 
classification system. 
One of the character series used by Boeger and Kritsky (1993, 
2001) in defining the suborders of the Order Dactylogyridea was 
the number of hooks and their distribution within the adult haptor; 
members of the Calceostomatinea have 12 marginal and 2 central 
hooks, while those of the Neodactylodiscinea, Amphibdellatinea, 
and Tetraonchinea have 10 marginal, 2 central, and 4 dorsal hooks, 
and those of the Dactylogyrinea have 8 marginal, 2 central, and 4 
dorsal hooks. Lim (1995) distinguished the Neocalceostomatidae, 
in part, on the erroneous characterization of its species having a 
disc-shaped haptor armed with 14 marginal hooks and a single pair 
of ventral anchors. Lim (1995) erred regarding hook distribution in 
members of the family, where 4 hooks are ventral and 10 hooks are 
marginal or submarginal on the ventral side of the haptor. 
It is uncertain whether the hook distribution in the adult haptor 
of neocalceostomatids is a primary or secondary evolutionary 
development, and, therefore, assignment of the family to an 
appropriate suborder within the Order Dactylogyridea is prob-
lematic. At least 3 scenarios for the origin of the Neocalceosto-
matidae within the Dactylogyridea are suggested: (1) The family 
belongs within the Dactylogyrinea based on its members 
parasitizing ariid catfishes (ariids are likely secondary invaders 
of the marine environment, and most freshwater dactylogyrideans 
are assigned to this suborder); (2) the group comprises a family of 
the Calceostomatinea based on the presence of the disc-shaped 
haptor armed with 14 ventral hooks; or (3) it represents an 
independent subordinal lineage within the Dactylogyridea. The 
first 2 possibilities would require that the hook distribution of 
neocalceostomatids developed secondarily either from the 8 
marginal + 2 ventral + 4 dorsal arrangement of dactylogyrineans 
or from the 12 marginal + 2 ventral arrangement of calceosto-
matineans, respectively. The third scenario would suggest that the 
hook distribution of neocalceostomatids had an independent 
origin within the Dactylogyridea. Although any 1 of the 3 
scenarios, if confirmed to represent the evolutionary history of the 
group, would probably explain and determine the position of the 
family within the classification proposed by Boeger and Kritsky 
(1993, 2001), the latter 2 appear to provide simpler or more 
parsimonious explanations for the history of the taxon within the 
Order Dactylogyridea. 
482 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.3, JUNE 2012 
5 
2 
o 
N 
o 
o 
... 
FIGURES 2-6. Thysanotohaptor rex n. g., n. sp. (2) Ventral view of anterior trunk and cephalic region showing male and female reproductive systems 
(composite). (3) Diagram of whole worm showing the relationship of the haptoT to the body proper (dorsal view). (4) Copulatory complex (dorsal view). 
(5) Anchor. (6) Hook. 
The discovery of Thysanotohaptor rex n. sp. with a disc-shaped 
haptor and a comparable reproductive system to those of 
Neocalceostoma and Neocalceostomoides species suggests that 
the 3 genera represent a monophyletic taxon characterized in part 
by species with 14 (7 pairs) ventral and ventromarginal haptoral 
hooks and a germarium having a distal loop prior to uniting with 
the ootype. The discovery of Calceostomella herzbergii from an 
ariid host in Venezuela by Fuentes Zambrano et al. (2004) may 
provide additional support for the validity of the Neocalceosto-
matidae. Calceostomella Palombi, 1943 is currently assigned to 
the Ca1ceostomatidae and includes only 2 species parasitIzmg 
marine sciaenid and ariid fishes, respectively (see Yamaguti, 
1963). Calceostomella herzbergii lacks haptoral anchors but 
possesses 14 marginal hooks (confirmation required) and a loop 
of the anterior end of the germarium (see Fuentes Zambrano et aI., 
2004). Based on these features and of its host, C. herzbergii is 
clearly a close ally of the species presently included in the 
Neocalceostomatidae, suggesting that the family could be 
included in the Suborder Ca1ceostomatinea as defined by Boeger 
and Kritsky (1993, 2001). However, the only congener of C. 
herzbergii is the type species Calceostomella inermis (Parona and 
Perugia, 1889) Palombi, 1943. The latter species is parasitic on a 
non-ariid host and apparently lacks the anterior loop of the 
germarium, suggesting that the generic assignment of C. 
herzbergii may be erroneous. Thus, reexamination of the 2 species 
will be necessary to determine their respective generic placements 
and whether or not C. herzbergii along with the species of 
Neocalceostoma, Neocalceostomoides, and Thysanotohaptor form 
a natural taxonomic group. 
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NEW SPECIES AND GEOGRAPHICAL RECORDS OF DACTYLOGYRIDS (MONOGENEA) OF 
CATFISH (SILURIFORMES) FROM THE PERUVIAN AMAZONIA 
Carlos A. Mendoza-Palmero, Tomas Scholz, Edgar F. Mendoza-Franco*, and Roman Kuchta 
Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic, and Faculty of Science, University of South Bohemia, 
Branisovska 31, 37005 Ceske Budejovice, Czech Republic. e-mail: cmpamtheus@yahoo.es 
ABSTRACT: Three new species of gill monogeneans (Dactylogyridae: Ancyrocephalinae) are described from siluriform catfish from 
Iquitos, Peru: Demidospermus mortenthaleri n. sp. from Brachyplatystomajuruense (Boulenger), Demidospermus brevicirrus n. sp. from 
Pimelodus sp., and Aphanoblastella aurorae n. sp. from Goeldiella eques (Muller & Troschel). Demidospermus mortenthaleri is 
characterized by a male copulatory organ (MCO) with a small loop at its middle portion; 2 types of hooks, of which pairs 5 and 6 are 
longer than the remaining hooks; a proximal subunit round and highly depressed thumb; and a sclerotized vagina with a round pad at 
the vaginal aperture. Demid05permus brevicirrus is distinguished from other congeners by the presence of a short, straight, and robust 
MCO and boot-shaped accessory piece with a hooked projection directed posteriorly. Aphanoblastella aurorae is the only species of the 
genus that possesses an arrow-shaped sclerotized vagina and a medial process on the dorsal bar. Another 6 dactylogyrids described 
previously are recorded for the first time from the Peruvian Amazonia: Cosmetocleithrum bulbocirrus Kritsky, Thatcher and Boeger, 
1986; Vancleaveusfungulus Kritsky, Thatcher and Boeger, 1986; V janauacaensis Kritsky, Thatcher and Boeger, 1986; V platyrhynchi 
Kritsky, Thatcher and Boeger, 1986; Unilatus unilatus Mizelle and Kritsky, 1967; and U. brittani Mizelle, Kritsky and Crane, 1968. 
Based on observations of specimens collected in the Peruvian Amazonia, new morphological data for these species are provided. 
Comparison of new specimens of U. unilatus and U. brittani with those of Unilatus brevispinus Suriano, 1985 and Unilatus longispinus 
Suriano, 1985, both originally described from Brazil, has shown that they are conspecific. Therefore, the latter species were 
synonymized with U. unilatus and U. brittani, respectively. In addition, 56 undescribed monogeneans found in catfish from the 
Peruvian Amazonia, some of them probably belonging to new genera, are listed. 
Three main drainages constitute the Peruvian Amazonia: Rio 
Napo, Rio Marafi6n,-and Rio Ucayali. These rivers flow eastward 
into the confluence with the main channel of the Amazon River. 
Differences in environment, water chemistry, physical barriers, 
and geological processes in individual drainages have resulted in a 
rich and complex freshwater ichthyofauna (Ortega and Vari, 
1986). In addition, these factors can affect the occurrence of 
parasites (Takemoto et a!., 2009, and references therein). Several 
recent parasitological surveys conducted in the Peruvian Amazo-
nia have shown a rich fauna of helminth parasites of freshwater 
fish, especially in siluriform catfish (see de Chambrier and Scholz, 
2005; de Chambrier et a!., 2006; Moravec, Scholz, Dykova et a!., 
2006; Moravec, Scholz, Kuchta et a!., 2006; de Chambrier and 
Scholz, 2008; Mendoza-Franco and Scholz, 2009; Mendoza-
Franco et a!., 2010, Mendoza-Palmero and Scholz, 20ll). 
According to Villacorta-Manz6n (2007), 687 species of 
freshwater fish have been recorded from the Peruvian Amazonia, 
and approximately 350 species are used as ornamental fish and 
exported worldwide (Sanchez et a!., 2006). Others, including 
species of Pseudoplatystoma Bleeker, 1862; Sorubim Bloch and 
Schneider, 180 I; and Phractocephalus Spix and Agassiz, 1829, can 
reach > I m in length and are used for human consumption, 
representing high-quality protein sources for locals (Ortega and 
Vari, 1986; Buitrago-Suarez, 2006; Buitrago-Suarez and Burr, 
2007; Littmann, 2007). Despite the high diversity of catfish in 
Amazonia and the economic importance of some of these 
species, knowledge of the fauna of helminths parasitizing these 
fish is still fragmentary and far from sufficient. To date, 64 
species ofmonogeneans (Dactylogyridae) have been described in 
siluriforms in South America (Thatcher, 2006; Chemes et a!., 
Received 2 August 2011; revised 9 December 2011; accepted 22 
December 2011. 
* Instituto de Ecologia, Pesquerias y Oceanografia del Golfo de Mexico 
(EPOMEX), Av. Agustin Melgar sin, Juan de la Barrera y calle 20, Col. 
Buenavista, AP 520, CP 24039, San Francisco de Campeche, Campeche, 
Mexico. 
DOl: lO.1645/GE-2941.1 
484 
2008; Cohen and Kohn, 2008; Mendoza-Franco and Scholz, 
2009; de Castro-Tavernari et a!., 2010; Cepeda and Luque, 2010; 
Ferrari-Hoeinghaus et a!., 2010; Monteiro et a!., 2010; Marco-
tegui and Martorelli, 20ll, Mendoza-Palmero and Scholz, 
20ll). 
As part of ongoing research begun in 2004 that is focused on 
the diversity of mono gene an parasites of freshwater siluriforms 
and other fish of the Peruvian Amazonia (Mendoza-Franco and 
Scholz, 2009; Mendoza-Franco et a!., 2010; Mendoza-Palmero 
and Scholz, 20ll), 3 new species of monogeneans parasitizing 
siluriform catfish are described, and new morphological and 
geographical data for 6 previously described species are provided. 
Based on morphological and morphometric comparisons, the 
taxonomic status of Unilatus brevispinus Suriano, 1985 and 
Unilatus longispinus Suriano, 1985 is discussed. In addition, the 
species richness of dactylogyrids parasitizing Peruvian catfish is 
discussed briefly. 
MATERIALS AND METHODS 
Catfish were caught near Iquitos, in the region of Loreto, Peru, from 
2004 to 2011 by local fishermen; purchased at local markets; or obtained 
from ornamental fish companies. Gills were excised from fish, immediately 
placed in Petri dishes with tap water, and then examined for monogeneans 
by using a dissecting microscope. Monogeneans found were fixed in a 
mixture of glycerin-ammonium picrate (GAP) to study sclerotized 
structures (Ergens, 1969). After morphological evaluation, the specimens 
fixed in GAP were remounted in Canada balsam according to the 
procedure of Ergens (1969). To study internal organs, other specimens 
were fixed in hot 4% formalin, stained with Gomori's trichrome, and 
mounted in Canada balsam. All measurements are expressed in 
micrometers and represent the greatest distance between extreme points; 
they are presented as the mean followed by the range and number (n) in 
parentheses. The total length for haptoral bars was obtained following the 
procedure described by Mendoza-Palmero and Scholz (2011). Drawings 
were made with the aid of a BX51 microscope (Olympus, Tokyo, Japan) 
equipped with a drawing tube. Numbering of hook pairs followed Mizelle 
(1936). Direction of the male copulatory organ (MCO) was determined 
according to Kritsky et al. (1985). Type and voucher specimens were 
deposited in the helminthological collection of the Institute of Parasitology, 
Ceske Budejovice, Czech Republic (IPCAS); the U.S. National Parasitic 
Collection, Beltsville, Maryland, USA (USNPC); The Natural History 
Museum, London, U.K. (NHMUK). Scientific names of hosts are those 
provided by Reis et ai. (2003) and FishBase (Froese and Pauly, 2011). 
DESCRIPTIONS 
Demidospermus mortenthaleri n. sp. 
(Figs. 1-9) 
Description (based on 19 specimens jixed in GAP and 11 fixed in hot 
formalin and stained with Gomori's trichrome): Body robust, 692 (469-983; 
n = II) long, fusiform; greatest width 98 (70-153; n = 10) at level of 
ovary. Cephalic margin broad; cephalic lobes poorly developed, 3 bilateral 
pairs of head organs; cephalic glands indistinct. Eyespots absent, few 
accessory granules scattered in cephalic region (not illustrated). Pharynx 
subspherical, 56 (35-82; n = II) in diameter; esophagus long, intestinal 
ceca 8-shaped extending up to anterior region of peduncle. Peduncle 
elongate, narrow; haptor subhexagonal, 56 (44-64; n = 11) long, 61 (58-
80; n = II) wide. Ventral anchor 33 (32-35; n = 19) long, base 19 (18-21; 
n = 19) wide, robust, with well developed superficial root, inconspicuous 
deep root, straight shaft and point; dorsal anchor 29 (28-30; n = 19) long, 
base 17 (15-18; n = 19) wide, robust, with well-developed superficial root, 
heavily reduced deep root, evenly curved shaft and point, and slightly 
curved tip. Ventral bar straight, robust, with tapered ends, 43 (37-46; n = 
19) long. Dorsal bar slightly V -shaped, with groove along its length, and 
round ends, 40 (37-46; n = 19) long. Hooks different in shape and size; 
pairs 1-4, and 7 equal, slightly shorter than pairs 5 and 6, with straight 
shaft and curved point, protruding thumb, shank proximally expanded, 
filamentous hooklet (FH) loop approximately shank length; pairs 5 and 6 
equal, with straight shaft and point, heavily depressed thumb, delicate 
shank, with proximal round subunit, FH loop approximately shank 
length; hook pairs 1-4, and 7-14 (13-15; n = 36) long, pairs 5 and 6-16 
(15-18; n = 30) long. MCO 33 (22-50; n = 19) long, slender tube with 
irregular base, forming counterclockwise loop at its middle. Accessory 
piece 26 (22-30; n = 19) long, L-shaped with groove along its length, 
serving as guide of MCO distally. Gonads in tandem; testis 72 (45-120; 
n = 19) long, 32 (20-50; n = 9) wide; vas deferens not observed, seminal 
vesicle thick-walled, bent, 2 prostatic reservoirs located posterior to MCO. 
Ovary 96 (60-131; n =11) long, 51 (35-70; n = 10) wide; oviduct, ootype, 
uterus not observed. Vaginal aperture sinistral, sclerotized rounded pad at 
aperture, leading to sinuous and slender tube, emptying to seminal 
receptacle; seminal receptacle semispherical, located anterior to ovary. 
Vitelline follicles scattered throughout trunk, absent in region of 
reproductive organs. 
Taxonomic summary 
Type and only host: Brachyplatystoma juruense (Boulenger, 1898) 
(Siluriformes: Pimelodidae) (field numbers PI 403a, PI 572, PI 808, and 
PI 870a). 
Site of infection: Gills. 
Type locality and collection dates: Santa Clara, Iquitos, Peru 
(03°46'59"S, 73°20'32"W), 13 September 2006, 10 October 2009, 6 and 
II October 2011. 
Specimens deposited: Holotype IPCAS M-522, 12 paratypes M-522, and 
3 vouchers M-522; 5 paratypes USN PC 105347-49, and 5 vouchers 105350-
52; 5 paratypes NHMUK 2012.3.15.1-5, and 6 vouchers 2012.3.15.6-11. 
Etymology: The species is named after Martin Mortenthaler in 
recognition of his support and help during our stays in Iquitos, Peru. 
Remarks 
Based on the following characteristics: (I) eyes absent, (2) gonads in 
tandem, (3) counterclockwise rings of the MCO, (4) unarticulated MCO 
and accessory piece, (5) sinistral vaginal aperture, (6) sheath-like accessory 
piece (=groove along its length, serving as guide ofMCO distally), and (7) 
hooks dissimilar in shape and size, the new species is considered a member 
of Demidospermus Suriano, 1983 (sensu Kritsky and Gutierrez, 1998). To 
date, this genus includes 25 species parasitizing siluriform catfish in South 
America (Thatcher, 2006; Chemes et ai., 2008; Cohen and Kohn, 2008; 
Mendoza-Franco and Scholz, 2009; de Castro-Tavernari et ai., 2010; 
Cepeda and Luque, 2010; Ferrari-Hoeinghaus et ai., 2010; Monteiro et ai., 
2010, Marcotegui and Martorelli, 2011; Mendoza-Palmero and Scholz, 
2011). Of these species, Demidospermus mortenthaleri n. sp. most 
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resembles 3 species described from Brachyplatystoma jilamentosum 
(Lichtenstein, 1819) from Brazil: Demidospermus ceccarellii Cepeda and 
Luque, 2010; D. brachyplatystomae Cepeda and Luque, 2010; and D. 
araguaiaensis Cepeda and Luque, 2010 (Cepeda and Luque, 2010). All of 
these species share the following morphological characteristics: ventral 
and dorsal bars that are robust and slightly V -shaped, robust ventral and 
dorsal anchors with poorly developed deep roots, straight shaft and 
curved point, and short MCO and sheath-like accessory piece. However, 
D. mortenthaleri n. sp. differs from these 3 species in that it has a MCO 
with a small loop at its middle portion (Fig. 2) versus J-shaped MCO in D. 
ceccarellii and D. brachyplatystomae, and a straight and delicate tube in D. 
araguaiaensis. In addition, D. mortenthaleri has 2 types of hooks. Hook 
pairs 5 and 6 are longer than the remaining hooks, and their shanks have a 
proximal round subunit and highly depressed thumb (Figs. 6, 7) versus 
hook pairs equal in size and shape, unmodified shank and slightly erected 
thumb in all 3 species previously described. Finally, the new species has a 
sclerotized vagina with a round pad at the vaginal aperture (Fig. 3) versus 
a non-sclerotized vagina in D. ceccarellii and D. brachyplatystomae, and a 
vestibule bulb-shaped in D. araguaiaensis (see Cepeda and Luque, 2010). It 
is worth mentioning that specimens of D. mortenthaleri were always found 
in pairs (coupled), i.e., 2 specimens attached to the gills together in the 
same place. 
Demidospermus brevicirrus n. sp. 
(Figs. 10-21) 
Description (based on 24 specimens fixed in GAP and 20 jixed in hot 
formalin and stained with Gomori's trichrome): Body elongated, 248 (200-
297; n = 16) long, fusiform; greatest width 65 (40-83; n = 19) at level of 
ovary. Cephalic margin broad; 4 cephalic lobes moderately developed, 3 
bilateral pairs of head organs; cephalic glands indistinct. Eyespots 4, 
located anterior to pharynx, posterior pair closer together than anterior 
pair. Pharynx subspherical, 17 (12-20; n = 20) in diameter; esophagus 
short, intestinal ceca confluent posterior to gonads. Peduncle broad; 
haptor subhexagonal, 46 (38-54; n = 16) long, 66 (56-76; n = 17) wide. 
Ventral anchor 19 (18-21; n = 19) long, base 13 (12-14; n = 19) wide, with 
moderately developed superficial root, short deep root, straight shaft and 
point extending beyond base; dorsal anchor 19 (17-20; n = 19) long, base 
11 (10-12; n = 19) wide, with moderately developed superficial root, short 
deep root, straight shaft and slightly curved point, exceeding limits of 
base. Ventral bar W-shaped, with ends directed laterally, 61 (57-68; n = 
14) total length, distance between ends 45 (32-56; n = 14). Dorsal bar V-
shaped, attenuated at its middle portion, 50 (43-54; n = 16) total length, 
distance between ends 40 (21-45; n = 16). Hooks different in shape and 
size; pair I longest, with straight shaft and point, depressed thumb, 
expanded shank, FH loop approximately half shank length; pair 2 
shortest, with straight shaft and point, depressed thumb, expanded shank, 
FH loop approximately three quarters of shank length; pairs 3, 4, and 6 
similar, with curved point and delicate shaft, protruding thumb, expanded 
shank proximally, FH loop approximately half shank length; pair 5 with 
straight shaft and open point, protruding thumb, expanded shank 
proximally, FH loop approximately half shank length; pair 7 with curved 
point and straight shaft, protruding thumb, stout shank throughout its 
length, shank expanded proximally, FH loop approximately half shank 
length; hook pair 1-21 (20-24; n = 34) long, pair 2-11 (11-13; n = 26) 
long, pairs 3, 4, and 6-14 (13-15; n = 12) long, pair 5-15 (13-16; n = 14) 
long, pair 7-16 (15-17; n = 28) long. MCO 18 (17-19; n = 20) long, a 
short and robust tube, MCO base expanded. Accessory piece 17 (15-19; 
n = 19) long, boot-shaped with hooked process directed posteriorly. 
Gonads in tandem; testis 23 (15-36; n = 15) long, 16 (12-19; n = 15) wide; 
vas deferens and seminal vesicle not observed, prostatic cell glands located 
posterior to MCO. Ovary 34 (25-46; n = 18) long, 23 (18-30; n = 18) wide; 
oviduct, ootype and uterus not observed. Vaginal aperture sinistral, 
incomplete sclerotized ring at vaginal vestibule leading to seminal 
receptacle; seminal receptacle ovoid. Vitelline follicles coextensive with 
intestinal ceca but absent in region of reproductive organs. 
Taxonomic summary 
Type and only host: Pimelodus sp. (Siluriformes: Pimelodidae) (field 
numbers PI 656, PI 679, PI 682, and PI 683). 
Site of infection: Gills. 
Type locality and collection dates: Santa Clara, Iquitos, Peru 
(03°46'59"S, 73"20'32"W), 17 October 2009. 
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FIGURES 1-9. Demidospermus mortenthaleri n. sp. from Brachyplatystoma juruense (type host). (1) Whole mount (composite, dorsal view). 
(2) Copulatory complex (ventral view). (3) Vagina. (4) Ventral anchor. (5) Dorsal anchor. (6). Hook pairs 1-4 and 7. (7) Hook pairs 5 and 6. (8) Ventral 
bar. (9). Dorsal bar. Scale = 20 IJ.Ill (2-5, 8, 9); 200 IJ.Ill (1), and 10 IJ.Ill (6, 7). 
10 
o 
o 
T""" 
11 
13 
15 
16 
o 
N 
MENDOZA-PALMERO ET AL.-DACTYLOGYRIDS OF SILURIFORMES 487 
18 
o 
N 
o 
T""" 
o 
N 
12 
14 
o 
T""" 
o 
T""" 
o 
N 
21 
o 
N 
o 
N 
o 
N 
FIGURES 10-21. Demidospermus brevicirrus n. sp. from Pimelodus sp. (type host). (10) Whole mount (composite. ventral view). (11) Copulatory 
complex (ventral view). (12) Vagina (specimen fixed in GAP). (13) Ventral anchor. (14) Dorsal anchor. (15) Ventral bar. (16) Dorsal bar. (17) Hook pair 
1. (18) Hook pair 2. (19) Hook pair 5. (20) Hook pairs 3, 4, and 6. (21) Hook pair 7. Scale = 20 11m (11-17, 21), 10 11m (18-20), and 100 11m (10). 
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Specimens deposited' Holotype IPCAS M-523, 10 paratypes M-523, and 4 
vouchers M-523; 7 paratypes USNPC 105353-56, and 7 vouchers 105357, 58, 
68; 7 paratypes NHMUK 2012.3.12.12-18, and 7 vouchers 2012.3.15.19-25. 
Etymology: The name of the species is from Latin (brevis=short) and 
(cirrus) and refers to the small size of the male copulatory organ. 
Remarks 
Based on the presence of ventral and dorsal bars shaped either as a W or a 
V, sinistral vagina, hooks different in size and shape, 4 eyespots and gonads 
in tandem, we placed the specimens collected from Pimelodus sp. into 
Demidospermus. The new species is characterized by the presence of a short, 
straight, and robust MCO; a boot-shaped accessory piece with a hooked 
projection directed posteriorly (Fig. II); and a sclerotized vagina with an 
incomplete ring at the aperture (Fig. 12). Of all species of Demidospermus 
(25 in total), only D. armostus Kritsky and Gutierrez, 1998, a parasite of 
Pimelodus albicans (Valenciennes, 1840), and D. ichthyocercus Monteiro, 
Kritsky and Brasil-Sato, 2010 from Pimelodus maculatus Lacepooe, 1803, 
possess a MCO of similar shape to that of D. brevicirrus n. sp. However, the 
new species differs from D. armostus by the presence of a vagina with a 
sclerotized incomplete ring at the vestibule, whereas D. armostus possesses a 
striated vagina, and the copulatory complex of D. brevicirrus is composed of 
a short, straight, and robust tube and a boot-shaped accessory piece with a 
hooked projection directed posteriorly, whereas the copulatory complex of 
D. armostus is composed of an elongated cone, sigmoid distally, and an 
accessory piece bifurcated at its middle. Demidospermus ichthyocercus 
possesses hooks similar in shape and size, whereas those hooks in D. 
brevicirrus are different in size and shape. In addition, the MCO of D. 
ichthyocercus is curved and the accessory piece is distally bifurcated, 
whereas that in D. brevicirrus is short and straight, and its accessory piece is 
boot-shaped, not distally bifurcated (Kritsky and Gutierrez, 1998; Monteiro 
et aI., 2010). The type host of the new species could not be identified at 
specific level because it may represent an undescribed species of Pimelodus 
Lacepooe (M. Montenthaler, pers. comm.); however, tissue samples of the 
fish specimen infected with the holotype of D. brevicirrus are available from 
us upon request for future genetic analysis and thus reliable species 
identification. In addition, photomicrographs of the host is available at 
http://web2.uconn.edultapewormtestl. 
Aphanoblastella aurorae n. sp. 
(Figs. 22-30) 
Description (based on 20 specimens fixed in GAP and 19 fixed in hot 
formalin and stained with Gomori's trichrome): Body elongate, 289 (225-
343; n = 17) long; greatest width 47 (40-56; n = 16) at level of ovary. 
Cephalic margin broad; 2 pairs of cephalic lobes moderately developed, 3 
bilateral pairs of head organs; cephalic glands indistinct. Eyespots 4, 
posterior pair closer together than anterior pair, accessory granules 
scattered in anterior region. Pharynx subspherical, 18 (16-20; n = 18) in 
diameter; esophagus not observed, intestinal ceca confluent posterior to 
gonads. Peduncle broad; haptor subhexagonal, 51 (35-63; n = 16) long, 67 
(57-80; n = 16) wide. Ventral anchor 25 (23-26; n = 19) long, base 10 (n = 
19) wide, with well developed superficial and deep roots, usually with 
triangular pits at base, straight shaft, and curved point; dorsal anchor 22 
(21-23; n = 19) long, base 8 (7-8; n = 19) wide, with well-developed 
superficial root, short deep root, small perforation at base, straight shaft 
and curved point. Ventral bar variable in shape, slightly curved with 
expanded ends, small medial process, 29 (26-31; n = 19) long. Dorsal bar V-
shaped with medial process and ends variable in shape, 26 (24-28; n = 19) 
long. Hook pairs equal in size and shape, with straight shaft and curved 
point, protruding thumb, slender shank, FH loop approximately half shank 
length; 17 (15-18; n = 35) long. MCO 48 (35-68; n = 19) long, non-
articulated with accessory piece, with 2.5 counterclockwise coils, with distal 
hyaline sheath; proximal ring 19 (17-22; n = 19) diameter. Accessory piece 
51 (44-59; n = 20) long; slightly curved sheath with groove along its middle, 
distally twisted with hooked end, serving as guide of MCO. Gonads in 
tandem; testis 21 (17-25; n = 2) long, 14 (12-15; n = 2) wide (observed in 
only 2 specimens, not illustrated); vas deferens not observed, seminal vesicle 
a dilatation of vas deferens, bent itself, 2 prostatic reservoirs located at level 
of MCO. Ovary 28 (23-36; n = 11) long, 19 (15-22; n = 11) wide; oviduct, 
ootype and uterus not observed. Vaginal aperture sinistral, vaginal canal 
sclerotized, robust, arrow-shaped, emptying to seminal receptacle located 
anterior to ovary. Vitelline follicles coextensive with intestinal ceca, but 
absent in regions of reproductive organs. 
Taxonomic summary 
Type and only host: Goeldiella eques (Muller & Troschel, 1849) 
(Siluriformes: Heptapteridae) (field numbers PI 405b, PI 639, PI 643, PI 
650, PI 652, PI 844c). 
Site of infection: Gills. 
Type locality and collection dates: Santa Clara, Iquitos, Peru (03°46'59"S, 
73°20'32"W), 12 September 2006,12 October 2009, and 9 October 2011. 
Specimens deposited: Holotype IPCAS M-524, II paratypes M-524, and 6 
vouchers M-524; 5 paratypes USNPC 105359-61, and 6 vouchers 105362-65; 
5 paratypes NHMUK 2012.3.15.26-30, and 6 vouchers 2012.3.15.31-36. 
Etymology: The species is named after Aurora Ramirez Aricara 
(Aquarium Rio Momon, Iquitos, Peru) for her invaluable assistance 
during stays of the present authors in Iquitos, Peru. 
Remarks 
Based on the presence of the ventral bar with a posteromedial projection; 
sinistral vagina; MCO with counterclockwise coils, not articulated with the 
accessory piece, which is sheath-shaped; hooks equal in shape and size, 
composed of a single unit; and 4 pairs of eyes, we placed the specimens 
collected from G. eques in Aphanoblastella Kritsky, Mendoza-Franco and 
Scholz, 2000. This genus was erected by Kritsky et al. (2000) to 
accommodate dactylogyrids parasitizing heptapterid catfish in the Neo-
tropical region (Kritsky et aI., 2000). To date, 5 species have been placed in 
the genus: Aphanoblastella travasossi (Price, 1938) Kritsky, Mendoza-
Franco, and Scholz, 2000 (type species) from Rhamdia quelen (Quoy and 
Gaimard, 1824) (syn. Rhamdia guatemalensis) and Rhamdia nicaraguensis 
(Giinther, 1864) from southern Mexico and Nicaragua, respectively; A. 
mastigatus (Suriano, 1986) Kritsky, Mendoza-Franco and Scholz, 2000 
from R. quelen (syn. Rhamdia sapo) from Argentina; A. robustus (Mizelle 
and Kritsky, 1969) Kritsky, Mendoza-Franco and Scholz, 2000 from 
Rhamdia sp. from an aquarium in the United States, A. chagresii Mendoza-
Franco, Aguirre-Macedo and Vidal-Martinez, 2007 from Pimelodella 
chagresi (Steindachner, 1877) from Panama; and A. juizforense Reder-de 
Carvalho, Roland-Tavares and Luque, 2009 from R quelen in Brazil 
(Mizelle and Kritsky, 1969; Kritsky et aI., 2000, Mendoza-Franco et aI., 
2007; Reder-de Carvalho et aI., 2(09). Aphanoblastella aurorae n. sp. is the 
only species of the genus that possesses an arrow-shaped sclerotized vagina 
. (see Fig. 25) and a medial process on the dorsal bar (Figs. 28, 29). The new 
species resembles A. robustus, possessing perforated anchors at its base (see 
Mizelle and Kritsky, 1969), but the latter species has a long and slender 
vaginal tube, whereas the vagina of A. aurorae n. sp. is arrow-shaped. 
AMENDED DESCRIPTIONS 
Cosmetocleithrum bulbocirrus Kritsky, Thatcher and 
Boeger, 1986 
(Figs. 31-34) 
Supplemental observations (measurements based on 14 specimens 
fixed in GAP): Measurements are given in Table 1. 
Taxonomic summary 
Host: Pterodoras granulosus (Valenciennes, 1821) (Siluriformes: 
Doradidae) (field numbers PI 634, PI 637). 
Site of infection: Gills. 
Locality and collection date: Itaya River, Iquitos, Peru 
(03°47'05"S, 73°15'22"W), 14 October 2009. 
Specimens deposited: Nine vouchers IPCAS M-525; 7 vouchers 
USNPC 105366-67; 7 vouchers NHMUK 2012.3.l4.37-43. 
Remarks 
Based on a similar morphology of ventral and dorsal anchors (see 
measurements in Table I), V-shaped ventral bar, dorsal bar with 2 
medial projections directed posteriorly, and MCO coiled with 
terminal bulbous expansion, we identified the specimens collected 
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FIGURES 22-30. Aphanoblastella aurorae n. sp. from Goeldiella eques (type host). (22) Whole mount (composite, ventral view). (23) Copulatory 
complex (ventral view). (24) Hook. (25) Vagina (specimen fixed in hot formalin and stained with Gomori's trichrome, ventral view). (26) Ventral bar. 
(27) Ventral anchor. (28-29) Dorsal bar. (30) Dorsal anchor. Scale = 40 11m (23), 20 11m (24-30), and 100 Ilffi (22). 
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FIGURES 31--40. (31-34) Cosmetocleithrum bulbocirrus from Pterodoras granulosus. (31) Ventral bar. (32) Dorsal bar. (33) Hook pair 3. (34) Hook 
pair 2. (35--37) Vancleaveus fungulus from Pseudoplatystoma fasciatum. (35) Ventral bar. (36) Hook pair 1. (37) Hook pair 5. (38-40) Vancleaveus 
janauacaensis from Pterodoras granulosus. (38) Ventral bar. (39) Hook pair 2. (40) Hook pair 5. Scale = 30 ~ (31,32,35-38), 10 ~ (33,34), and 20 11m 
(39,40). 
MENDOZA-PALMERO ET AL,-DACTYLOGYRIDS OF SILURIFORMES 491 
TABLE I. Measurements of 6 monogenean species parasitizing catfish from Iquitos, Peru* 
Cosmetocleithrum Vancleaveus Vancleaveus Vancleaveus 
bulbocirrus fungulus janauacaensis platyrhynchi Unilatus brittani Unilatus unilatus 
MCO length 49 (44-58; 0 = 14) 53--56 (0 = 2) 108 (80--163; 0 = 16) 57 (50--61; 0 = 6) 33 (30--37; 0 = 10) 90 (87-95; 0 = 3) 
MCO 1st ring diameter 23 (15-28; n = 8) 23-28 (n = 2) 46 (40--53; n = 17) 26 (23-28; n = 6) 
Accessory piece length 23 (20-26; n = 14) 76-80 (n = 2) 96 (87-105; 0 = 18) 63 (59-67; n = 7) 24 (20--30; 0 = 9) 61 (52--69; 0 = 3) 
Ventral anchor length 35 (32-39; n = 14) 50 (n = 2) 49 (45-53; n = 17) 39 (38-40; n = 7) 29 (27-32; n = lO)t 40-41 (n = 2)t 
Base length 20 (19-22; n = 14) 37-40 (n = 2) 34 (30--39; n = 17) 30 (28-32; n = 7) 12 (11-13; n = 10) 25--27 (0 = 2) 
Dorsal anchor length 33 (31-36; n = 14) 49-52 (n = 2) 48 (44-51; n = 17) 36 (35-41; n = 7) 30 (27-32; n = lO)t 24-25 (0 = 2)t 
Base length 18 (16-20; n = 14) 33-34 (n = 2) 31 (30-33; n = 17) 24 (22-26; n = 7) 8 (8-10; n = 10) 23 (n = 2) 
Ventral bar length 55 (48--62; 0 = 14) 58-60 (n = 2) 58 (52-63; n = 18) 46 (43-50; n = 7) 24 (20-28; n = 9)t 33--39 (n = 2)t 
Dorsal bar length 56 (49--65; 0 = 13) 56-58 (n = 2) 55 (50-59; n = 18) 40 (37-43; n = 7) 64 (57-72; n = 10)t 52-58 (0 = 2)t 
Hook pairs I, 6 length 16 (14-17; n = 12) 43-44 (n = 4) 37 (35-41; n = 18) 29 (28-30; n = 14) 12 (11-14; n = 20) 15 (15--17; 0 = 6) 
Hook pair 2 length 14 (13--15; n = 13) 43-44 (n = 4) 37 (35-41; n = 18) 29 (28-30; n = 14) 12 (11-14; n = 20) 15 (15-17; 0 = 6) 
Hook pairs 3, 4 length 15 (14-17; 0 = 12) 43-44 (n = 4) 37 (35-41; n = 18) 29 (28-30; n = 14) 12 (11-14; n = 20) 15 (15-17; 0 = 6) 
Hook pair 5 length 17 (15--19; 0 = 11) 33--34 (0 = 4) 25 (20-29; n = 18) 21 (20--22; n = 12) 12 (11-14; n = 20) 10 (10--11; n = 5) 
Hook pair 7 length 16 (15-17; n = 10) 43-44 (n = 4) 37 (35-41; n = 18) 29 (28-30; n = 14) 15 (14-19; n = 18) 15 (15-17; 0 = 6) 
* Numbers in bold indicate differences in measurements between the specimens used in the original descriptions and those studied in this paper. 
t Anchors and bars anterior and posterior positions, respectively. 
from P. granulosus from the Itaya River, Peru, as Cosmetocleithrum 
bulbocirrus Kritsky, Thatcher and Boeger, 1986, a first-time record in 
the Peruvian Amazonia. 
To date, Cosmetocleithrum Kritsky, Thatcher and Boeger, 1986 
includes 7 species: C. gussevi Kritsky, Thatcher and Boeger, 1986 (type 
species); C. confusus Kritsky, Thatcher and Boeger, 1986; C. parvum 
Kritsky, Thatcher and Boeger, 1986; C. rarum Kritsky, Thatcher and 
Boeger, 1986; C. sobrinus Kritsky, Thatcher and Boeger, 1986 (all 
were described from Oxydoras niger [Doradidae]); C. bulbocirrus from 
Pterodoras granulosus; and C. longivaginatus Suriano and Incorvaia, 
1995 from Pimelodus albicans (Pimelodidae). All of these species were 
found in the Amazon River basin, Brazil, except for C. longivaginatus 
that was found in the Rio de La Plata, Argentina (Kritsky et a1., 1986; 
Suriano and Incorvaia, 1995). Cosmetocleithrum gussevi, C. sobrinus, 
and C. confusus were then recorded from 0. niger in Iquitos, Peru, by 
Iannacone and Luque (1991). 
We found slight differences between the present specimens and 
those originally used for description of C bulbocirrus, such as 
orientation of the medial projections of the dorsal bar (directed 
posteriorly in the specimens recorded herein [Fig. 32] vs. projec-
tions oriented laterally in the original description by Kritsky et al. 
[1986]), and the size of hook pairs. We also observed slight 
differences in the size of individual hooks, e.g., hook pair 2 
appeared as the smallest hook pair (see Table I; Fig. 34). 
Vancleaveus fungulus Kritsky, Thatcher and Boeger, 1986 
(Figs. 35-37) 
Supplemental observations (measurements based on 2 specimens 
fixed in GAP): Measurements are given in Table I. 
Taxonomic summary 
Host: Pseudoplatystoma fasciatum (Linnaeus, 1766) (Siluri-
formes: Pimelodidae) (field number PI 509a). 
Site of infection: Gills. 
Locality and collection date: Santa Clara, Iquitos, Peru 
(03°46'59/1S, 73°20'32/1W), 2 October 2008. 
Specimens deposited: Nine vouchers IPCAS M-526; I voucher 
USNPC 105370. 
Remarks 
Vancleaveus was proposed by Kritsky et al. (1986) to accom-
modate monogeneans infecting siluriform catfish in the Amazon 
River basin. Species of this genus are characterized by having an 
elongated seminal vesicle, elongated prostatic vesicle, dorsal 
anchors with conspicuous basal folds on the superficial roots, 
hooks with shanks inflated along their entire length, ventral vagina 
comprising a tube with an inconspicuous distal funnel, and 
overlapping gonads. To date, 4 species of Vancleaveus have been 
described from siluriform catfish from the Amazon River basin in 
Brazil: V. janauacaensis Kritsky, Thatcher and Bpeger, 1986 (type 
species) from Pterodoras granulosus; V. cicinnus Kritsky, Thatcher 
and Boeger, 1986 from Phractocephalus hemiliopterus; V. fungulus 
Kritsky, Thatcher and Boeger, 1986 from Pseudoplatystoma 
tigrinum and P. fasciatum; and V. platyrhynchi from Hemisorubim 
platyrhynchos (see Kritsky et a1. 1986). Vancleaveus janauacaensis 
was subsequently recorded from the same host species in the 
Parana River, Argentina (Suriano and Incorvaia, 1995). 
Despite that we collected only 2 specimens of V. fungulus from 
Pseudoplatystoma fasciatum, they were of sufficiently high quality 
to allow us to study their sclerotized structures. This species was 
described by Kritsky et a1. (1986) from P. tigrinum (type host) and 
P. fasciatum from Brazil, and the present finding represents a new 
geographical record in the Peruvian Amazonia. We provide an 
illustration of hook pair number 5 (Fig. 37) that is reduced in 
respect to other hook pairs. 
Vancleaveus janauacaensis Kritsky, 
Thatcher and Boeger, 1986 
(Figs. 38-40) 
Supplemental observations (measurements based on 18 specimens 
fixed in GAP): Measurements are given in Table I. 
Taxonomic summary 
Host: Pterodoras granulosus (Valenciennes, 1821) (Siluriformes: 
Doradidae) (field numbers PI 634, PI 637). 
Site of infection: Gills. 
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FIGURES 41-47. (41-43) Vancleaveus platyrhynchi from Hemisorubim platyrhynchos. (41) Ventral bar. (42) Hook pair 1. (43) Hook pair 5. (44-47) 
Unilatus brittani from Pterygoplichthys anisitsi. (44) Posterior bar. (45) Anterior bar. (46) Hook pair 7. (47) Hook pair 1. Scale = 30 ~m (41, 44), 20 ~m 
(42, 43, 45), and 10 ~m (46, 47). 
Locality and collection date: Itaya River, Iquitos, Peru 
(03°47'05"S, 73°15'22"W), 14 October 2009. 
Specimens deposited: Eleven vouchers IPCAS M-527; 7 vouchers 
USNPC 105371-72; 8 vouchers NHMUK 2012.3.15.44-51. 
Remarks 
The morphology of the haptoral structures and copulatory 
complex of the specimens collected from Pterodoras granulosus 
from the Itaya River, Peru (first record of V. janauacaensis in this 
region) fit well with the original description of V. janauacaensis (see 
Kritsky et aI., 1986). The hooks exhibit slight morpholo-
gical differences in size (see Table I; Figs. 39, 40); however, their 
shape is similar among them. In addition, we found in our specimens 
that the ends of the ventral bar are more expanded (see Fig. 38). 
Vancleaveus platyrhynchi Kritsky, 
Thatcher and Boeger, 1986 
(Figs. 41-43) 
Supplemental observations (measurements based on 7 specimens 
fixed in GAP): Measurements are given in Table I. 
Taxonomic summary 
Host: Hemisorubim platyrhynchos (Valenciennes, 1840) (Silur-
iformes: Pimelodidae) (field numbers PI 432b, PI 433b). 
Site of irifection: Gills. 
Locality and collection date: Iquitos, Peru (03°45'60"S, 
73°14'44"W), 13 September 2006. 
Specimens deposited: One voucher IPCAS M-528; 2 vouchers 
USNPC 105373; 1 voucher NHMUK 2012.3.15.52. 
Remarks 
The morphology and measurements of the copulatory organ and 
haptoral armament of our specimens correspond well to those of V. 
platyrhynchi. Kritsky et aI. (1986) illustrated the ventral bar with a 
short anteromedial process directed anteriorly (see Fig. 43 in 
Kritsky et aI. [1986]). However, in our specimens the anteriomedial 
process of the ventral bar was somewhat longer and directed 
posteriorly (see Fig. 41). We provide an illustration of hook pair 
number 5 (Fig. 43) that is reduced compared with the other hooks. 
We also found that the MCO in our specimens was smaller (see 
Table I) than that of specimens studied by Kritsky et aI. (1986). 
This is the first record of this species in the Peruvian Amazonia. 
Unilatus brittani Mizelle, Kritsky and Crane, 1968 
(Figs. 44-47) 
Supplemental observations (measurements based on 9 fixed 
in GAP): Measurements are given in Table I. 
Taxonomic summary 
Host: Pterygoplichthys anisitsi Eigenmann & Kennedy, 1903 
(syn. Liposarcus anisitsi) (Siluriformes: Loricariidae) (field 
number PI 624). 
Site of infection: Gills. 
Locality and collection date: Iquitos-Belen, Peru (03°45'60"S, 
73° 14' 44''W), 14 October 2009. 
Specimens deposited: Three vouchers IPCAS M-529; 2 vouchers 
USNPC 105374; 2 vouchers NHMUK 2012.3.15.53-54. 
Synonym: Unilatus longispinus Suriano, 1985. 
Remarks 
Morphometry and morphology of the copulatory complex, 
anchors, bars, and hooks of the specimens collected from 
Pterygoplichthys anisitsi in Peru (new host and locality records 
for U. brittam) correspond well to those of Unilatus brittani as 
described by Mizelle et aI. (1968). To date, Unilatus contains 7 
species parasitizing loricariid catfish (Loricariidae): U. unilatus 
Mizelle and Kritsky, 1967 (type species) and U. brittani Mizelle, 
Kritsky and Crane 1968, both species described from Plecostomus 
sp.; U. brevis pinus Suriano, 1985 and U. longispinus Suriano, 1985, 
both described from Pterigoplichthys multiradiatus; U. dissimilis 
Suriano, 1985 from Hemiancistrus sp.; U. scaphirhynchae Suriano, 
1985 from Hemiancistrus scaphirhynchae (all 6 species described 
from the Amazon River Basin, Brazil); and U. anoculus (Price, 
1968) Suriano, 1985 from Hypostomus bolivianus, which was 
found in the Bolivian Amazonia (Mizelle and Kritsky, 1967; 
Suriano, 1985). 
We found slight differences in the shape of the anterior bar and 
hook pair 7 between our specimens and those originally described 
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by Mizelle et aI. (1968). The posterior bar in our specimens has 
the shape of a strongly flattened W with expanded ends (Fig. 44), 
whereas the anterior bar was straight with curved and non-
expanded ends in the original description (Mizelle et aI., 1968). 
Hooks of pair 7 in our specimens are the largest of all hooks (see 
Table I) and have an expanded shank and a highly reduced thumb 
(see Fig. 46), whereas Mizelle et aI. (1968) stated that all hook 
pairs were similar in shape and size in U. brittani. 
We did not find any differences between U. brittani, including 
specimens from Peru, and U. longispinus. Both species have a 
spiral MCO, anterior anchors with well-developed superficial 
roots, moderately developed deep roots, shaft and point evenly 
curved, posterior anchors with undivided and cavernous bases, 
highly sclerotized margins, shaft evenly curved and elongated, V-
shaped anterior bar, and a posterior bar in the shape of a strongly 
flattened W. The measurements of the structures of U. longispinus 
are also within the range of those of U. brittani (see Table I and 
Suriano, 1985). Suriano (1985) did not mention where the type 
specimens of U. brevis pinus and U. logispinus were deposited, and 
we were unable to find any specimen in the main Latin American 
parasite collections (Lamothe-Argumedo et aI., 2010). Despite 
this fact, based on the arguments presented herein, we consider U. 
longispinus to be a junior synonym of U. brittani based on their 
identical morphology. 
Unilatus unilatus Mizelle and Kritsky, 1967 
(Figs. 48-54) 
Supplemental observations (measurements based on 3 fixed 
in GAP): Measurements are given in Table I. 
Taxonomic summary 
Host: Pterygoplichthys anisitsi Eigenmann and Kennedy, 1903 
(syn. Liposarcus anisitsi) (Siluriformes: Loricariidae) (field 
numbers PI 624, PI 832, PI 833). 
Site of infection: Gills. 
Locality and collection dates: Iquitos-Belen, Peru (03°45'60"S, 
73°14'44"W), 14 October 2009 and 7 October 2011. 
Specimens deposited: Three vouchers IPCAS M-530. 
Synonym: Unilatus brevis pinus Suriano, 1985. 
Remarks 
Based on the presence of dissimilar anchors, slightly bent bars, 
spiral MCO, hooks with unmodified shank and the morphometry 
of these structures, we identified the specimens collected from the 
gills of P. anisitsi as U. unilatus. This finding represents a new host 
and locality record for this dactylogyrid. Our specimens present 
almost the same morphology as those described by Mizelle and 
Kritsky (1967) and redescribed by Mizelle et aI. (1968) and 
Suriano (1985). Specimens from Peru differ just slightly in that 
hook pair 5 is reduced compared with other hooks (see Table I; 
Fig. 54), and the posterior bar possesses a small round knob-like 
projection on its lateral ends (Fig. 48). 
In addition, we found many similarities between our specimens 
identified as U. unilatus and U. brevis pinus. Both species possess 
anterior anchors with well-developed superficial roots, truncated 
deep roots, posterior anchors with heavily sclerotized margins, bent 
point forming an angle of approximately 90°, slightly V-shaped 
bars, posterior bar more elongated than the anterior bar, and a 
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FIGURES 48~54. Unilatus ani/atus from Pterygoplichthys anisitsi. (48) Posterior bar. (49) Anterior bar. (50) Copulatory complex (ventral view). 
(51) Posterior anchor. (52) Anterior anchor. (53) Hook pair I. (54) Hook pair 5. Scale = 20 11m (48, 52), 10 11m (50, 51), and 10 11m (53, 54). 
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TABLE II. Undescribed species of monogeneans from siluriform catfish from Amazonia, Peru. 
No. species of monogeneans* 
Family Host AMEL APHA COSM DEMI UROC ANCYt 
Ageneiosidae Ageneiosus torosus 
Ageneiosus vittatus 
Ageneiosus sp. 4 
Ageneiosidae gen. sp. 
Callichthyidae Brochis multiradiatus 
Doradidae Acanthodoras cataphractus 2 
Hassar notospilus 
Hassar opsidoras 
Hassar sp. 
Oxydoras niger 
Pterodoras granulosus 
Heptapteridae Goeldiella eques 2 
Pimelodella cristata I 
Pimelodella gracilis 
Loricariidae Rhineloricaria sp. 
Pime10didae Brachyplatystoma jZavicans 2 
Brachyplatystoma sp. 
Calophysus macropterus 
Calophysus sp. 
Duopalatinus peruanus 
Hemisorubim platyrhynchos 
Perrunichthys perruno 2 
Pimelodus ornatus 2 
Pimelodus sp. 2 4 
Pinirampus pirinampu 2 
Platynematichthys notatus 3 
Pseudoplatystoma Jasciatum I 3 
Sorubim lima 4 2 
Sorubimichthys planiceps 2 
Zungaro zungaro I 
Pimelodidae gen. sp. 3 3 1 
Total 1St 3 2 16t 21t 
* ANCY, Ancyrocephalinae gen. sp.; AMEL, Ameloblastella; APHA, Aphanoblastella; COSM, Cosmetocleithrum; DEMI, Demidospermus; UROC, Urocleidoides (sensu 
stricto). 
t Species may belong to new genera. 
t Totals do not correspond to the total number of species present in the table, because some species are present in 2 or more host species. 
coiled MCO. Furthennore, the measurements of sclerotized 
structures of U. brevis pinus do not differ from those of our 
specimens (see Table I and Suriano, 1986). Because we were not 
able to locate the type specimens of U. brevis pinus and U. 
longispinus, we based our comparison on the descriptions of 
Mizelle and Kritsky (1967), our new material and the original 
description of U. brevis pinus. Based on the arguments listed herein, 
we consider U. brevis pinus to be a junior synonym of U. unilatus. 
DISCUSSION 
The present study provides new data on the species richness of 
monogeneans parasitizing catfish of the Peruvian Amazonia as 
follows: (1) D. mortenthaleri, D. brevicirrus, and Aphanoblastella 
aurorae are described as new species; (2) new morphological and 
geographical data on 6 previously described species are provided: 
C. bulbocirrus, V. fungulus, V. janauacaensis, V. platyrhynchi, U. 
brittani, and U. unilatus; (3) based on morphological evaluation of 
new specimens of the latter 2 species of Unilatus and the original 
descriptions of U. brevispinus and U. longispinus, these 2 species 
were synonymized with U. unilatus and U. brittani, respectively; 
and (4) as a result of the evaluation of dactylogyrid monogeneans 
collected from 2004 to 2011 in the Peruvian Amazonia, a brief 
survey of found taxa is presented (see below). 
Based on recent surveys, Demidospermus can be considered the 
most specious genera (as many as 25 species described to date) 
among monogenean parasites of catfish, and also one of the main 
targets for parasitologists in the Neotropics to study, as within the 
last 3 yr (from 2009 to 2011), 12 new species have been described, 
and D. lebedevi (Kritsky and Thatcher, 1976) Mendoza-Palmero 
and Scholz, 2011 has been transferred into the genus. In addition, 
16 morphotypes of Demidospermus, which probably represent 
undescribed species, were found by us in 11 catfish species from 
the Peruvian Amazonia (see Table II). These data suggest that the 
number of species of Demidospermus is yet to be fully appreciated, 
as previously suggested by Cepeda and Luque (2010). Similarly, a 
high number of morphotypes that represent undescribed species 
of other genera (see Table II) indicates that knowledge of the 
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species composition of monogeneans in South America is still far 
from comprehensive. 
The occurrence of C. bulbocirrus, V. fungulus, V. janauacaensis, 
V. platyrhynchi, U. brittani, and U. unilatus in the Peruvian 
Amazonia is documented for the first time, with most of these 
species having been found on the same host species from which 
were originally recorded (see Kritsky et aI., 1986). The loricariid 
P. anisitsi was infected with U. brittani and U. unilatus, and 
represents a new host for both dactylogyrids. These findings 
suggest that these parasites are widely distributed throughout the 
range of their fish hosts. 
The present data support the assumption of Luque and Poulin 
(2007) that among ectoparasites, monogeneans represent the most 
abundant group of parasites present in freshwater fish in Latin 
America. The high richness of monogeneans found in the 
Peruvian Amazonia in not surprising because many monogeneans 
are known from the Brazilian part of Amazonia or from the 
Parana River basin (Thatcher, 2006). It is obvious that further 
studies on the biodiversity of fish parasites, including mono gene-
ans, in the Neotropics are necessary before general structural 
patterns of helminth communities of freshwater fish can be 
proposed (Luque and Poulin, 2007; Poulin, 2010). 
A more accurate taxonomic revision of the morphotypes 
recorded in the present paper will provide more information 
about the species composition of monogeneans and the relation-
ships among parasites and hosts. Regardless, catfish are suitable 
hosts for an extraordinarily rich and diverse fauna of gill 
monogeneans, and this host-parasite system represents an 
interesting model for phylogenetic studies of monogeneans in 
the Neotropical region. 
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MULTIPLE PATERNITY IN THE AMERICAN DOG TICK, DERMACENTOR VARIABILIS 
(ACARI: IXODIDAE) 
Marfa Jose Ruiz-L6pez*t, Saskia Chaskelsont, Matthew E. Gompper*, and Lori S. Eggertt 
*Department of Fisheries and Wildlife Sciences, University of Missouri, Columbia, Missouri 65211. e-mail: ruizlopezm@missouri.edu 
ABSTRACT: The reproductive strategies and variation in reproductive success of ticks are poorly understood. We determined variation 
in multiple paternity in the American dog tick Dermancentor variabilis. In total, 48 blood-engorged female ticks and 22 male 
companion ticks were collected from 13 raccoon (Procyon lotor) hosts. In the laboratory, 56.3% of blood-engorged females laid eggs, of 
which 37.0% hatched or showed signs of development. We examined the presence of multiple paternity in the ensuing clutches by 
genotyping groups of eggs and larvae at 5 microsatellite loci and subtracting the known maternal alleles, thereby identifying male-
contributed alleles. Seventy-five percent of the clutches presented multiple paternity, with a mode of 2 fathers siring the clutch. Males 
associated with the females on the host always sired some offspring. In 1 case, a male was the sire of clutches derived from 2 females, 
indicating both polygyny and polyandry may occur for this species. These results, combined with those of several other recent studies, 
suggest that multiple paternity might be frequent for ixodid ticks. 
The intensity of parasitism in or on a host is typically highly 
aggregated, with a few hosts harboring many parasites (a high 
parasite infrapopulation density) and most hosts harboring 
few, or no, parasites (a low parasite infrapopulation density). 
Accordingly, one might expect to find considerable variation in 
the mating strategies of parasites inhabiting differentially infected 
hosts. This is because population density and sex ratio are 
important parameters shaping inter- and intrasexual competition 
(Emlen and Oring, 1977; Kokko and Rankin, 2006; Dreiss et aI., 
2010), as these measures establish the encounter rates of 
competitors and of potential mates. An increased density of 1, 
or both, sexes is expected to increase intraspecific competition for 
resources for ticks (Wang et aI., 2001). Temporal and spatial 
fluctuations in demographic parameters that drive changes in 
competition for access to mates and resources are likely to affect 
the fitness of both males and females (Kasumovic et aI., 2008, 
2009) and to alter the intensity of sexual selection. The outcome of 
such competition is often seen in rates of multiple paternity, where 
males mate with more than 1 female and females mate with 
multiple males. 
Several studies have shown that extra-pair paternity in ixodid 
ticks may occur, despite the brief period that a female tick remains 
on a host once mating has occurred and the rapid feeding phase is 
entered (Kaufmann, 2004). This is not entirely surprising given 
that, among ixodids, multiple spermatophores may be found in a 
female and mating may be pangamous, i.e., mating pairs are 
randomly formed without any apparent selective choice regarding 
a mate's genotype. Males of some metastriate ticks (the group 
that includes Dermacentor spp.) can potentially inseminate more 
than 30 females, and there is no evidence of a copulatory plug or 
similar mechanism for reducing insemination success by sequen-
tially mating males (Gladney and Drummond, 1970; Kaufman, 
2004; Chevillon et aI., 2007). Cutulle et al. (2010) examined 
multiple paternity in small (14-22) groups of progeny derived 
from 15 female Rhipicephalus microplus removed from 3 host 
individuals and found that two-thirds of the progeny groups were 
sired by more than 1 male. In Ixodes spp., McCoy and Tirard 
(2002) analyzed 7 broods and found evidence of multiple 
paternity in 2, and Hasle et al. (2008) analyzed 3 broods and 
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found evidence of multiple paternity in 2. Given the small number 
of clutches examined in each of these studies, nuanced insights 
into the extent of multiple paternity, as well as such issues as the 
likelihood of the male that is attached to the female being 
excluded from paternity (as observed in 1 case by Hasle et al. 
[2008]) and the potential for males to mate with multiple females, 
i.e., polygyny, remain virtually or entirely unexplored. Here, we 
genetically assess parentage in a component population of the 
American dog tick, Dermacentor variabilis (Acari: Ixodidae), and 
show evidence for the occurrence of multiple paternity. 
Dermacentor variabilis is among the most widely distributed 
and common tick species in midwestern North America. 
Raccoons (Procyon lotor) are a primary host of the species 
(Kollars and Ladine, 1999; Kollars et aI., 2000). The species is a 
3-host tick that is only found on animals while it is feeding or 
mating. Adult female metastriate ticks require 6-10 days to 
engorge fully. The feeding cycle first consists of a 1-2 day 
preparatory phase during which the female establishes a feeding 
lesion and attaches herself to the skin. This is followed by a 4-
7 day slow-feeding phase, during which the female feeds to 
approximately 10 times her unfed weight, and a mating-induced 
1-2 day rapid-feeding phase during which the female increases her 
weight another lO-fold (Balashov, 1972; Fielden et aI., 1999; 
Kaufman, 2004, 2007). Once a blood meal is obtained, adult 
female D. variabilis drop off the host and lay eggs. 
MATERIALS AND METHODS 
Raccoons were trapped using Tomahawk live traps at Baskett 
Conservation Area (Ashland, Missouri) during August 2010. Raccoons 
were immobilized using a ketamine-xylazine regimen (Evans, 2002). 
During a thorough body search, blood-engorged female ticks and, when 
present, the male ticks associated with each female were collected. 
Following tick collection, raccoons were released at the site of capture. 
Male ticks were frozen (-80 C) until DNA extraction. Female ticks were 
placed in Petri dishes and maintained in the laboratory (temperature 22-
24 C; 50-60% relative humidity) to allow egg production. Following egg 
production, female ticks were frozen until DNA extraction. Eggs were 
allowed to hatch, at which time both the larvae and remaining unhatched 
eggs were also frozen until DNA extraction. Egg production and 
development is dependent on entering the rapid-feeding phase and mating 
with a male (Weiss and Kaufman, 2004; Kaufman, 2007), which may not 
have occurred and, thus, not all engorged females laid eggs and not all egg 
clutches developed. We quantified the number of engorged ticks that laid 
eggs and calculated the mean time for egg laying and for hatching. 
Genomic DNA was extracted using a modified version of the DNeasy® 
Blood and Tissue Kit (Qiagen, Valencia, California) protocol. Adult ticks 
were cut in half and crushed with a sterile mortar and pestle and 
resuspended in 20 JlI of elution buffer (Qiagen) and 80 JlI of ATL buffer 
(Qiagen). We added 10 JlI of proteinase K (Qiagen) and incubated 
overnight at 56 C. We then added an additional 5 JlI of proteinase K and 
incubated for 5 hr. After lysis, all steps were carried out following the 
manufacturer's protocol, but using half of the volumes recommended in 
order to match the extraction starting volume. Eggs and larvae were 
pooled in groups of 100 to 200 individuals and DNA was extracted using 
the same protocol used for adult extraction. 
We genotyped male and female adult ticks and groups of eggs and 
larvae using 8 microsatellites (DV30, DVI6, DV36, DV28, DV37, DV24, 
DV02, and DV34) designed for D. variabilis (Dharmarajan et aI., 2009). 
Primers were first tested on 12 ticks taken from different hosts using a 
single polymerase chain reaction (PCR) per locus; optimal annealing 
temperature was determined empirically using temperature gradient 
PCRs. Primers were then grouped into 2 multiplex sets according to their 
product sizes and optimal annealing temperatures (56 C and 62 C). 
Amplifications were carried out in 12.5 JlI containing 3 JlI of template 
DNA, IX Qiagen Multiplex PCR Master Mix (including Hot Star Taq 
DNA Polymerase, Multiplex PCR Buffer, and dNTP Mix), 6 JlM (0.12 JlM 
each primer) primer mix, and 0.8 mg/ml BSA. Amplification conditions 
were 95 C for 15 min followed by 40 cycles of denaturation at 94 C for 
30 sec, annealing at 56 or 62 C for 1.5 min, extension at 72 C for 1 min, 
and a final elongation step at 60 C for 30 min. Fragment length analyses 
were performed on an ABI 3730 DNA Analyzer (Applied Biosystems, 
Foster City, California), and alleles were scored using GeneMarker® 1.5 
(SoftGenetics, State College, Pennsylvania). 
GenePop 4.0 (Raymond and Rousset, 1995) was used to test for 
deviations from Hardy-Weinberg equilibrium and linkage disequilibrium. 
GenAlEx 6 (Peakall and Smouse, 2006) was used to calculate the mean 
number of alleles as well as the observed and expected heterozygosities. To 
estimate the power of our panel of markers to distinguish individuals, we 
also used GenAlEx 6 to calculate the probability of identity for unrelated 
(Pm) and sibling (Plosib) individuals (Waits et aI., 2001). We used Cervus 
3.0 (Marshall et aI., 1998) to estimate the null allele frequencies and the 
combined paternity exclusion probabilities. These analyses were carried 
out including only adult ticks. 
To determine if multiple paternity was present, we counted the number 
of alleles for each marker for each group of larvae produced by a female. 
We determined the paternal contribution for each clutch by subtracting 
the known maternal alleles. Half-sib clutches were identified by the 
presence of more than 2 paternal alleles at any locus. The minimum 
number of fathers was calculated as the smallest integer value greater than 
or equal to one-half the number of different alleles inherited by progeny 
from the different fathers (Kellogg et aI., 1998). In those cases where a 
male was associated with a female on the host, this male was considered a 
putative father and its genotype was compared to that of the clutch. One 
mismatch per family was accepted to allow for the possibility of novel 
mutations arising during the production of a large offspring cohort and to 
correct for potential genotyping errors (Vandeputte et aI., 2006). 
RESULTS 
A total of 48 blood-engorged adult female ticks, as well as 22 
male ticks that were associated with those females, were collected 
from 13 hosts. Of the female ticks, 56.3% laid egg clutches. Mean 
(±SD) time to initial egg deposition was 16.6 ± 3.3 days. Twenty-
two percent of clutches hatched, with a mean onset time of 34.5 ± 
4.9 days after eggs were laid. 
Of the 8 loci tested, 1 (DV28) was sex linked and 1 (DV37) 
yielded high error rates in replicate scoring due to stutter. Both of 
these results agree with those reported by Dharmarajan et aI. 
(2010). For the adult individuals, the 6 remaining loci yielded high 
genetic diversity. The mean (±SE) number of alleles was 18.7 ± 
4.0, mean observed heterozygosity was 0.701 ± 0.089, and mean 
expected heterozygosity was 0.846 ± 0.056 (Table I). However, 1 
locus (DV36) deviated from Hardy-Weinberg equilibrium, 
probably due to the presence of null alleles (estimated null allele 
frequency = 0.3346), and was excluded from subsequent 
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TABLE 1. Values of allelic diversity, expected (HE)' and observed 
heterozygosity (Ha) for Dermacentor variabilis (n = 42) for 6 micro-
satellites genotyped. 
No. of 
Locus Motif Allele size alleles Ha HE 
Dv02 (CT)n 203-331 32 0.88 0.95 
Dv16 (AG)n 279-321 15 0.76 0.87 
Dv24 (TATC)n 104--282 30 0.93 0.95 
Dv30 (AG)n 220--252 15 0.78 0.87 
Dv34 (CA)n 141-177 9 0.44 0.58 
Dv36* (AG)n 119-199 11 0.43 0.85 
Average 18.7 0.70 0.85 
• Locus deviates from expected heterozygosity values under Hardy-Weinberg 
equilibrium. 
parentage analyses. No linkage disequilibrium was observed for 
these markers. 
The Pm for the set of 5 remaining markers (DV30, DVI6, 
DV24, DV02, and DV34) was 2.9 X 10-9, a value 5 orders of 
magnitude lower than the 0.001-0.0001 range recommended for 
forensic applications in natural populations (Waits et aI. 2001), 
and the Pmsib was 4.0 X 10-3. This probability is lower than 0.01 
when 4 markers are used, indicating that a minimum of 4 markers 
should be genotyped for the inclusion of an individual in the 
parentage analyses. The probability of excluding a parent at a 
locus when lacking information on the second parent was 0.996 
for the 5-marker set, and the probability of excluding a parent at a 
locus when the second parent is known was 0.999. 
Ten (37.04%) clutches hatched or showed evidence of development 
(i.e., an embryo could be observed using a dissection microscope), 
while the others were either unfertilized or had poor development, 
resulting in insufficient DNA quantity for genotyping. Larvae and 
eggs from 8 of these clutches, each comprising 1-3 groups of larvae 
and eggs (mean = 1.85 groups per female), were genotyped for 4 or 
more microsatellites. There was no evidence of parthenogenesis. Six 
(75%) of the clutches showed evidence of multiple paternity. For 
these 6 clutches, the maximum number of alleles that were 
contributed by the father was 4 and, therefore, we estimate that each 
clutch was sired by a minimum of 2 males. For 4 of the clutches, 
males (in 1 case, 2 males) were associated with the female. In each 
case, the putative father(s) sired some of the offspring. 
Three of the 6 clutches that showed multiple paternity were 
produced by females that inhabited the same individual host. Of the 
13 examined raccoons, this individual had the highest abundance of 
both blood-engorged females and non-engorged adult ticks. Further 
examination of all the clutches from this host revealed that 2 of the 
clutches shared a sire, indicating that males may mate with multiple 
females. An alternative explanation for this observation is that 2 
closely related individuals sired offspring on the same host. 
DISCUSSION 
Several studies have now used genetic techniques to assess 
mating strategies of ixodid species, and each has produced 
evidence for the occurrence of multiple paternity. Our study, like 
the others (McCoy and Tirard, 2002; Hasle et aI., 2008; Cutulle et 
aI., 2010), shows evidence of multiple paternity in a new ixodid 
species, D. variabilis. Ifwe consider these 4 studies collectively, the 
rate of observed multiple paternity for the 4 studies is 59% (range 
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29-75%), suggesting that multiple paternity might be frequent in 
ixodid tick species. However, more studies are needed addressing 
this topic. Due to experimental limitations, studies on multiple 
paternity in ixodid species are relatively small scale and focused 
on ticks collected from small numbers of hosts. In addition, the 
species for which mUltiple paternity has been described have 
different mating systems and life cycles, which would affect 
reproductive strategies. For example, Rhipicephalus microplus has 
a I-host life cycle (Cutulle et aI., 2010) where multiple paternity 
might playa determinant role to avoid high levels of inbreeding. 
Furthermore, studies to date have been carried out on 2 prostriate 
species (Ixodes spp.) and 2 metastriate species (Dermacentor and 
Rhipicephalus sp.). While metastriate species mate only on the 
host and after feeding, pro striate species may mate off the host 
and before feeding (Kiszewski et aI., 2001). Thus, the profound 
variance in the ecology of these species remains poorly 
understood, limiting our ability to infer the potential for females 
to mate with multiple males (polyandry) as well as the potential 
for males to mate with multiple females on a host (polygyny). 
Of the 8 genotyped cohorts, 2 were likely sired by a single male 
and 6 by at least 2 males. Thus, the median and modal numbers of 
males (2 and 2, respectively) with which a female reproduces are 
relatively low. However, given our limited sampling and our 
conservative approach to quantifying the number of contributing 
males, it is reasonable to assume that a few females may mate with 
many males, resulting in a cohort of offspring that is particularly 
genetically diverse. If so, this is most likely to occur on heavily 
parasitized hosts. Ticks, like most macroparasites, are distributed 
unevenly across a host population such that a relatively small 
percent of hosts harbor a large percent of the attached population 
of ticks (Monello and Gompper, 2009, 2010). If the likelihood of 
extra-pair mating and the mean number of males mating with 
each female are greater on heavily parasitized hosts, then the 
small percent of hosts that are heavily parasitized may play a 
proportionately greater role, not only in tick population dynamics 
but also in increasing the genetic diversity of tick populations. 
Advances in our understanding of tick reproductive ecology 
are currently limited by the need to examine larger numbers of 
females as well as the broader cohort of males that inhabit a host 
(rather than solely those males that are directly associated with a 
female at the time of host examination). More importantly, we 
will need to overcome the logistical difficulties associated with 
genotyping the very large numbers of offspring that each female 
is capable of producing. The structure of tick infrapopulations 
makes it difficult to use methods developed in other species with 
large family sizes. For example, models designed to identify the 
number of progeny that must be sampled to detect all parents or 
to estimate the number of reproductive males contributing to a 
clutch, especially under incomplete sampling (DeWoody et aI., 
2000; Neff et aI., 2000a, 2000b), require estimates of adult 
population sizes or the effective number of breeders. From an 
infrapopulation perspective, both parameters have large vari-
ance components and, therefore, these models are difficult to 
reliably apply. To overcome this problem, our approach was to 
pool offspring and, thereby, capture as much information as 
possible regarding the paternal contribution by maximizing 
the number of offspring analyzed. The drawback of such an 
approach is that it does not easily facilitate identifying the 
proportion of males that are unsuccessful in reproducing, 
nor does it allow identification of the relative distribution of 
reproductive success among males who are successful in gaining 
mating opportunities. 
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ULTRASTRUCTURE OF THE SPERMATOZOON OF BOTHRIOCOTYLE SP. (CESTODA: 
BOTHRIOCEPHALlDEA), A PARASITE OF SCHEDOPHILUS VELAIHI (SAUVAGE, 1879) 
(PERCIFORMES: CENTROLOPHIDAE) IN SENEGAL 
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ABSTRACT: The mature spermatozoon of Bothriocotyle sp. is filiform and tapered at both extremities. It possesses 2 axonemes of 
unequal length, showing the 9 + "I" pattern of Trepaxonemata. The anterior extremity exhibits a crest-like body. Thereafter, the crest-
like body disappears, and the first axoneme is surrounded by a ring of cortical microtubules (about 27 units) that persist until the 
appearance of the second axoneme. This ring of cortical microtubules is characteristic only for species of Bothriocephalidea and 
represents a very useful phylogenetic character. The spermatozoon cytoplasm is slightly electron-dense and contains numerous 
electron-dense granules of glycogen in several regions. The anterior and posterior extremities of the spermatozoon lack cortical 
microtubules. The posterior extremity of the spermatozoon of Bothriocotyle sp. possesses a nucleus and a disorganized axoneme, which 
also characterizes spermatozoa of the Echinophallidae studied to date. 
Historically there has been much controversy regarding the 
phylogeny of the eucestodes. However, with the advent of 
ultrastructural and molecular technology (Bit et aI., 1991; Brooks 
et aI., 1991; Bit and Marchand, 1995; Mariaux, 1996, 1998; 
Hoberg et aI., 1997,2001; Mollaret et aI., 1997; Kodedova et aI., 
2000; Justine, 2001; Olson et aI., 2001), the systematics of 
the group has significantly improved. For example, the recent 
work of Kutcha, Scholz, Brabec, and Bray (2008) resulted in 
suppression of the order Pseudophyllidea and the erection of 2 
new orders, Bothriocephalidea and Diphyllobothriidea. The 
former is now comprised of 4 families (Bothriocephalidae, 
Triaenophoridae, Echinophallidae, and Phylobytiidae) and 46 
genera (Kuchta, Scholz, and Bray, 2008). Species of Bothriocotyle 
are now included in the Echinophallidae, along with another 7 
valid genera (Kuchta, Scholz, and Bray, 2008). To our knowledge, 
only 2 echinophallid species belonging to 2 genera have been 
the subject of ultrastructural study of spermiogenesis, or the 
spermatozoon, or both. These are Paraechinophallus japonicus 
(Levron, Bruiianskci, Kutcha, et aI., 2006) and Parabothriocepha-
Ius gracilis (Sipkova et aI., 2010). In the present work, we describe 
the ultrastructure of the spermatozoon of a third species of 
Echinophallidae. 
MATERIALS AND METHODS 
Adult specimens of Bothriocotyle sp. were collected from the intestine of 
the teleost fish Schedophilus velaini (Perciformes, Centrolophidae), caught 
off the coast (Atlantic Ocean) of Dakar (Senegal). At necropsy, the 
cestodes were initially kept alive in physiological saline solution (0.9% 
NaCI). Soon after removal from the intestine, however, portions of the 
strobila (2-4 mm long) consisting of mature proglottids were fixed in cold 
(4 C) 2.5% glutaraldehyde, buffered with 0.1 M sodium cacodylate 
solution at pH 7.2. Male genitalia were removed using a binocular 
microscope, fixed for about 24 hr with glutaraldehyde, rinsed overnight in 
a sodium cacodylate buffer, post-fixed with cold (4 C) 1% osmium 
tetroxide in the same buffer for I hr, dehydrated in an ethanol series and 
propylene oxide, and embedded in Spurr's resin. Ultrathin sections (60-
90 nm thick) were obtained using an ultramicrotome (Powertome PC, 
RMC Boeckeler®, Tuscon, Arizona) with a diamond knife, placed on 
copper grids, and stained with uranyl acetate and lead citrate. 
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The Thiery (1967) technique was employed for the location of glycogen. 
Gold grids with ultrathin sections were treated in periodic acid, 
thiocarbohydrazide, and silver proteinate (PA-TCH-SP) as follows: 
30 min in 10% PA rinsed in distilled water, 24 hr in TCH, rinsed in 
acetic acid solution, placed in distilled water and then for 30 min in 1% SP 
in the dark, and finally rinsed again in distilled water. 
The copper and gold grids with ultrathin sections were examined using a 
Hitachi H-7650 electron microscope operated at 80 kV, in the Service 
d'Etude et de Recherche en Microscopie Electronique of the University of 
Corsica (Corte, France). 
RESULTS 
Region I 
The mature spermatozoon of Bothriocotyle sp. is filiform, 
tapered at both ends, and lacks mitochondria, From the anterior 
.' to posterior extremities of the spermatozoon, we were able to 
distinguish 4 regions with distinctive ultrastructural characters. 
Region I (Figs. 1-5,261) corresponds to the anterior extremity 
of the spermatozoon. It is characterized by the presence of the 
centriole, accompanied by a single electron-dense crest-like body 
(Fig. 2). The helicoidal crest-like body corresponds to a lateral 
electron dense projection of the spermatozoon. The centriole gives 
rise to an axoneme of the 9 + "I" trepaxonematan pattern. At the 
proximal level of the axoneme several cortical micro tubules 
become gradually visible (Fig. 4). At the distal extremity, the 
crested body disappears, and the cortical micro tubules form a 
complete ring of about 27 units encircling the first axoneme 
(Fig. 5), These cortical microtubules are characterized by thick 
walls and a lucent center. 
Region II 
Region II (Figs. 6-17, 2611) is distinguished by the presence of 2 
axonemes, cortical microtubules, and the appearance of electron-
dense granules of glycogen. In the anterior part of this region, the 
centriole of the second axoneme appears (Fig, 6), The ring of 
cortical microtubules is disorganized and finally disappears. The 2 
axonemes are situated very close to each other, with just 2 cortical 
micro tubules between them (Fig. 7). Four electron-dense attach-
ment zones are visible in cross sections (Figs. 7-9). Subsequently 
the width of the spermatozoon increases, and the electron dense 
granules of glycogen appear in the cytoplasm (Figs. 8, 24, 25). 
Toward the end of this region, the number of cortical microtubules 
increases gradually between axonemes to form 2 opposite fields 
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FIGURES 1-5. TEM photomicrographs of cross sections of region I of the mature spermatozoon of Bothriocotyle sp. (1) Anterior extremity of the 
spermatozoon showing microtubule singlets of the first axoneme. (2,3) Cross sections at the level of the centriole and the crest-like body. (4) Cross 
section at the level of the first axoneme completely formed. (5) Ring of cortical micro tubules encircling the first axoneme. Ax 1 = axoneme 1; Cm = 
cortical microtubule. Ax 1 = axoneme I; CI = centriole of the first axoneme; Cb = crest-like body; Cm = cortical microtubule; Sm = singlet of 
microtubule. Bar = 0.2 ~m. 
comprising 3, 4, 6, 7, to 9 units (Figs. 9-17). The maximum of cortical 
microtubules is 16 in the posterior part of this region. 
Region 11/ 
This region (Figs. 18-20, 261II) is characterized by the presence of 
the nucleus, in addition to the 2 axonemes present in region II, plus 
cortical micro tubules and a large number of electron-dense granules of 
glycogen. The nucleus is electron dense, with fibrillar patches of 
chromatin. Each field of cortical microtubules consists of 7 to 9 units. 
At the posterior part of this region, I of the 2 axonemes begins to 
disorganize (Fig. 19) and, finally, disappears. The number of cortical 
microtubules also decreases from 16 to 12 (Fig. 20). 
Region IV 
The last region (Figs. 21- 23, 26 IV) corresponds to the 
posterior extremity of the spermatozoon. It is characterized by 
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FIGURES 6-17. TEM photomicrographs of cross sections of region II of the mature spermatozoon of Bothriocotyle sp. (6) Anterior extremity of the 
second axonome and the disorganization of the ring of cortical microtubules. (7) Presence of 2 axonemes completely formed, 4 attachment zones, and I 
cortical microtubule on each side of the spermatozoon. (8) Appearance of electron-dense glycogen. Each field of microtubules consists of 2 units. (9-17) 
Consecutive cross sections of region II showing the gradual increasing of cortical microtubules with a maximum of 16, width of the spermatozoon, and 
number of glycogen granules. Arrowheads indicate attachment zones. Ax I = axoneme I; Ax2 = axoneme 2; C2 = centriole of the second axoneme; 
Cm = cortical microtubule; G = granule of glycogen. 
the presence of 1 axoneme, the nucleus, some electron-dense 
granules of glycogen, and 3 cortical micro tubules anteriorly 
(Fig. 26 IV). The cortical micro tubules are interrupted before 
reaching the end of the axoneme. The nucleus reaches its 
maximum size in this region, occupying almost all of region IV 
(Fig. 21-22). The second axoneme becomes disorganized; i.e., the 
central core disappears and the doublets lose their arms. The 
posterior extremity of the sperm is characterized mainly by the 
nucleus and a few axonemal singlets (Fig. 23). 
DISCUSSION 
The mature spermatozoon of Bothriocotyle sp. possesses 2 axonemes 
of the 9 + "1" trepaxonemata pattern, a crest -like body, parallel cortical 
microtubules, elongated posterior nucleus, and electron-dense granules 
of glycogen; it corresponds nicely to the type II of Levron et al. (20 I 0). 
The crest-like body (or bodies) in cestode spermatozoons 
always marks the anterior extremity of the gamete (Ba et a!., 
1991). The extremity with the crest-like body in the Bothriocotyle 
sp. spermatozoon consistently corresponds to its anterior end, 
while the extremity without the crest-like body is posterior. In 
bothriocephalideans, the crest-like body is present in all studied 
species (Table I), with the exception of Bothriocephalus clavibo-
thrium (Swiderski and Mokhtar-Maamouri, 1980). Likewise, the 
spermatozoon of bothriocephalidean species seems to be constant 
with regard to the number of crest-like bodies. To our knowledge, 
Bothriocotyle sp. is the twelfth studied species, and all possess only 
I crest-like body (Table I). 
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FIGURES 18-20. TEM photomicrographs of cross sections of region III of the mature spermatozoon of Bothriocoty le sp. (18) Anterior part of region 
III showing the anterior extremity of the nucleus. (19) Posterior extremity of the first axoneme. S = singlet. (20) Posterior part of region III showing the 
nucleus, second axoneme, and cortical microtubules. Ax I = axoneme 1; A x 2 = axoneme 2; em = cortical microtubule; G = granule of glycogen; N = 
nucleus; Sm = singlet of microtubule. Bar = 0.2 J.Im. 
Figures 21 - 23. TEM photomicrographs of cross sections of region IV of the mature spermatozoon of Bothriocoty le sp. (21) Anterior part of this region 
characterized by only 3 cortical microtubules of some granules of glycogen. (22) Cortical microtubules are absent. Note that the nucleus occupies all the 
transverse section of the cell . (23) Posterior extremity of the spermatozoon showing some microtubules singlet of the second axoneme and the nucleus. 
A x 2 = axoneme 2; Cm = cortical microtubules; G = granule of glycogen; N = nucleus; Sm = singlet of microtubule. Bar = 0.2 J.Im. 
An interesting feature of Bothriocoty le sp. is the presence of a 
ring of cortical micro tubules (27 units) in the anterior part of the 
mature spermatozoon. This structure has been described in all the 
bothriocephalideans studied to date except in Bothriocephalus 
claviceps (Table I). However, the microtubule number is variable 
depending on the species. In Echinophallidae, for example, 
Levron, Bruiianska, Kuchta, et al. (2006) described a ring with 
20 cortical microtubules in P. japonicus, while Sipkova et al. 
(2010) reported 25 in P. gracilis. In Bothriocephalidae, Sipkova 
et al. (2011) described a ring of 30 cortical microtubules in 
Oncodiscus sauridae and Senga sp., but Marigo et al. (2011) 
indicated from 24 to 30 present in Clestobothrium crassiceps. 
The ring of cortical microtubules seems to be a typical character 
of the anterior region of the mature bothriocephalidean sperma-
tozoon because it has been observed in all species described 
to date (Table I). Indeed, based on previous studies of the 
bothriocephalidean cestodes (Bruiianska, 2010; Levron et aI. , 
2010; Marigo et aI. , 2011 ; Sipkova et aI., 2011), we would assert 
that the ring of cortical micro tubules is a synapomorphy for these 
species. 
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T ABLE 1. Comparison of few characters of the Bothriocephalidean spermatozoon. Ax: axoneme; N: nucleus; Pse: posterior extremity; Rcm: ring of 
cortical microtubules; +/ -: presence/absence of considered character. 
Genus and Crest-like body 
Order Family species Number Thickness (nm) Rcm Pse Reference 
Bothriocephalidea Bothriocephalidae Bothriocephalus 
clavibothrium 
Bothriocephalus claviceps 
Bothriocephalus Scorpii 
Clestobothrium crassiceps 
Oncodiscus sauridae 
Senga sp. 
Echinophallidae Parabothriocephalus 
gracilis 
Paraechinophallus 
japonicus 
Bothriocotyle sp. 
Triaenophoridae Eubothrium crassum 
Eubothrium rugosum 
Triaenophorus nodulosus 
The posterior part of the spermatozoon in species of 
Bothriocephalidea does exhibit some variation. In the triaeno-
phorids, for example, Eubothrium crassum (Brunanska et aI., 
2002, 2010), Eubothrium rugosum (Brunanska et a!., 2010), and 
Triaenophorus nodulosus (Levron et aI., 2005) possess a disorga-
nized axoneme in the posterior spermatozoon extremity. In the 
Echinophallidae, P. japonicus (Levron, Brunanska, Kutcha, et a!. , 
2006), P. gracilis (Sipkova et a!., 2010), and Bothriocotyle sp. 
(present study) have a nucleus and the disorganized axoneme. B. 
clavibothrium and B. claviceps exhibit only a single axoneme 
(Swiderski and Mokhtar-Maamouri, 1980; Bft et a!., 2007). In 
contrast, in Bothriocephalus scorpii and C. crassiceps, the 
spermatozoon contains only a nucleus (Levron, Brunanska, and 
Poddubnaya, 2006; Marigo et a!., 2011). 
+ Ax Swiderski and Mokhtar-
Maamouri, 1980 
Ax Ba et aI., 2007 
+ N Levron, Miquel , and 
Poddubnaya, 2006 
160 + N Marigo et aI. , 2011 
150 + N+Ax Sipkova et aI., 2011 
ISO + Ax Sipkova et aI., 20 II 
130 + N+Ax Sipkova et aI. , 2010 
130 + N+Ax Levron, Brunanska, 
Kuchta, et aI., 2006 
+ N+Ax Present study 
50-100 + Ax Brunanska et aI., 2010 
120 + Ax Brunanska et aI., 2010 
50 + Ax Levron et aI., 2005 
The anterior part of the spermatozoon exhibits some variation 
among bothriocephalideans studied to this point (Ba et a!. , 2007; 
Marigo et a!., 2011). Thus, an apical cone has been described only 
in B. claviceps and C. crassiceps. 
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FLUORESCENT MICROSCOPY OF VIABLE BATRACHOCHYTRIUM DENDROBATIDIS 
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ABSTRACT: Batrachochytrium dendrobatidis (Bd), a chytrid fungus, is a causative agent of chytridiomycosis and amphibian 
population declines worldwide. The sequenced genome of Bd provides information necessary for studying the fungus and its molecular 
biology. Fluorescent microscopy is a technique used to image targeted molecules in live or fixed organisms to understand cellular 
trafficking and localization, but the use of fluorescent microscopy with Bd has not yet been demonstrated. Two fluorescent stains were 
tested for their use in live-cell imaging of Bd, i.e., the cell wall-specific fluorophore Solophenyl Flavine 7GFE and the DNA-specific 
fluorophore DRAQ5. These specific staining patterns were observed in live cultures of Bd when visualized with laser-scanning confocal 
microscopy. 
Chytridiomycosis is an infectious disease caused by Batracho-
chytrium dendrobatidis (Bd) and is responsible for widespread 
amphibian mortalities (Kilpatrick et aI., 2009). Batrachochytrium 
dendrobatidis is a parasitic fungus that was first identified in the 
late 1990s (Berger et aI., 1998; Longcore et aI., 1999) but has been 
found in preserved amphibian specimens collected in Japan in 
1902 (Goka et aI., 2009), in Cameroon in 1933 (Soto-Azat et aI., 
2010), and in South Africa in 1938 (Weldon et aI., 2004). Recent 
evidence suggests that amphibian mortality correlates with the 
disrupted transport of electrolytes across the skin, thereby 
inducing asystolic cardiac arrest as the result of decreased plasma 
sodium and potassium concentrations (Voyles et aI., 2009). Due 
to its recent discovery, basic biological characteristics of Bd have 
not been studied to the extent needed to fully understand 
chytridiomycosis. 
Microscopy techniques are essential to the study of fungal and 
parasitic organisms. A variety of microscopic techniques are 
available to researchers for imaging the structure and molecules 
of live cells (Stephens and Allan, 2003). Batrachochytrium 
dendrobatidis has been studied using traditional light microscopy, 
scanning electron microscopy (SEM), and transmitted electron 
microscopy (TEM). Both SEM and TEM are capable of high 
magnification images but can only be used with fixed samples. 
Visualizing live Bd has been restricted to basic light microscopic 
methods with inherently limited resolution. Adapting a more 
advanced microscopic technique capable oflive-cell imaging for the 
study of Bd would provide an additional resource for researchers. 
Live cell fluorescent microscopy has revolutionized research of 
molecular and cellular biology with its capabilities of imaging the 
localization of specific molecules within cells. Fluorophores, such 
as fluorescent proteins, fluorescent stains, and quantum dots, are 
molecules that emit light within a range of wavelengths follow-
ing exposure to a specific excitation wavelength. The use of 
fluorescent microscopy in other fungal organisms has provided 
information on infection processes, vesicle formation and move-
ment, and fungal morphology and growth (Pitt et aI., 2004; Saito 
et aI., 2004; Kurtti and Keyhani, 2008). With the goal of developing 
a foundation on which to design future fluorescent microscopy 
experiments, fluorescent stains were selected and evaluated for their 
ability to target the fungal cell wall as well as intracellular DNA. 
Calcofluor white (Fluorescent Brightener 28; Sigma, St. Louis, 
Missouri) is a fluorescent stain that has been commonly used for its 
selective binding to chitin and cellulose in the cell walls of plants 
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and fungi (Rasconi et aI., 2009). Excitation of ca1cofluor white, 
however, requires ultraviolet light, which causes phototoxicity and 
limits the use of laser-scanning confocal microscopy. Alternatives to 
ca1cofluor white have been identified, and 2 dyes (Solophenyl Flavine 
7GFE 500 and Pontamine Fast Scarlet 4B) met the criteria for use with 
confocal microscopy without cellular toxicity (Hoch et aI., 2005). 
Imaging of DNA in viable cells is used to track localization and 
division and can be accomplished with various commercially available 
DNA stains. The selected DNA stain used in the present study was 
DRAQ5, which specifically binds to double-stranded DNA (Smith et 
aI., 2000; Martin et aI., 2005). In addition to these 2 stains, it has 
recently been reported that fluorescent lipid probes can be used for 
long-term (16 days) staining of viable Bd cultures (Herbert et aI., 2011). 
The purpose of the present study was to demonstrate 
fluorescent microscopy of Bd as a tool for future studies in fields 
of mycology, molecular biology, host specificity, and others. In 
addition, the fluorescent stains Solophenyl Flavine and DRAQ5 
were shown to have specific staining patterns in Bd for the fungal 
cell wall and DNA, respectively. 
MATERIALS AND METHODS 
Organisms and culture conditions 
Batrachochytrium dendrobatidis strain 423 was cultured on I % agar 
containing 1% tryptone at room temperature (19-22 C) routinely. 
Zoospores were harvested by rinsing 3- to 5-day-old cultures with distilled 
water or 1 % tryptone. Dilutions of harvested zoospores were counted 
using a hemocytometer. Cultures for confocal imaging were prepared by 
mixing freshly released zoospores with fluorescent stains in 1 % tryptone. 
Cultures were incubated for 30 min in Eppendorf tubes at room 
temperature to allow uptake of fluorescent stains prior to transfer to 
35-mm diameter plastic Petri dishes with no. 1.5 untreated glass coverslip 
bottoms (MatTek, Ashland, Massachusetts). Petri dishes were sealed with 
parafilm to prevent evaporation or contamination. 
Validation of fluorescent specificity 
Fluorescent specificity was tested by imaging fungal cells in cultures 
containing I stain only and observing emitted light within the range of 
wavelengths expected for both stains. Cultures containing 2 X 106 Bd 
zoospores in either 1% tryptone with 0.0001% Solophenyl Flavine 
(Huntsman LLC, High Point, North Carolina) or 1 % tryptone with 
1 !J.M DRAQ5 (Biostatus Limited, Leicestershire, U.K.) were prepared to 
final volumes of 1.5 rnl and incubated for 30 min at room temperature. 
Following incubation, the cultures were transferred to coverslip-bottomed 
Petri dishes. Cultures were imaged using identical excitation and emission 
settings (lasers, laser power, gain, etc.) and the presence and patterns of 
emitted fluorescence were compared. 
Dual fluorescent staining of Bd 
Use of Solophenyl Flavine and DRAQ5 together in stained cultures was 
tested to demonstrate imaging Bd with more than I fluorescent marker 
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Figure 1. Batrachochytrium dendro-
batidis fluorescent specificity. Cultures 
containing 2 X 106 zoospores in either 
1 % tryptone with 0.0001 % Solophenyl 
Flavine or 1% tryptone with I ~M 
DRAQ5 were placed in Petri dishes 
with coverslip bottoms and imaged 
using identical settings. Emitted light 
from 410-600 nm is pseudo-colored 
blue and the emitted light from 650-
750 nm is pseudo-colored red. (A) 
Solophenyl Flavine emission in a 
DRAQ5-stained culture. (B) DRAQ5 
emission in a DRAQ5-stained cul-
?ture. (C) Solophenyl Flavine emission 
?in a Solophenyl-stained culture. (D) 
DRAQ5 emission in a Solophenyl 
Flavine-stained culture. Scale bars = 
5 ~m. 
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and to examine staining patterns of Bd. A 1.5-ml culture was prepared 
containing 2 X 106 Bd zoospores in 1% tryptone containing 0.0001% 
Solophenyl Flavine and 1 ~M DRAQ5. The cultures were added to 
coverslip-bottomed Petri dishes following a 3-min incubation and imaged 
once or twice daily for the following 4 days to observe emitted fluorescence 
of both the stains and developmental changes of the organisms. 
Confocal microscopy 
A Zeiss LSM 710 single-photon confocal microscope was used with a 
34-channel spectral detector (Carl Zeiss Microlmaging, Thornwood, New 
York). Excitation of Solophenyl Flavine was performed with a 405-nm 
laser line ranging in power from 0.004 to 1.0%. Excitation ofDRAQ5 was 
achieved with a 633-nm laser line at 5.0 to 15.0% power. Emitted light was 
captured for Solophenyl Flavine from 410-600 nm and for DRAQ5 from 
650-750 nm. A multi-track configuration was used to avoid possible 
excitation crosstalk and emission bleed-through between fluorescent 
stains. The pinhole was set at or near 1.0 airy units for image acquisition. 
Transmitted light images were acquired simultaneously with a photo-
multiplier tube, although the plastic lid of the Petri dishes prohibited use 
of differential interference contrast (DIC). A x40 Plan-Apochromat dry 
objective with a numerical aperture of 0.95 was used for in vitro cultures, 
with a digital zoom of up to 7.5. Zen 2010 software (Carl Zeis 
Microimaging, Thornwood, New York) was used for image acquisition. 
Image processing was performed by digitally filtering all images using the 
Adobe Photoshop (Adobe Systems Inc., San Jose, California) unsharp 
mask tool. 
RESULTS 
In cultures stained with either DRAQ5 or Solophenyl Flavine, 
fluorescence was only observed in the emission ranges corresponding 
to the stain used (Fig. 1). DRAQ5 fluorescence was concentrated 
near the center of the cell for Bd germlings. In more mature 
zoosporangia, the fluorescence was shifted slightly off-center in 
conjunction with the location and size of the intracellular 
vacuole. Solophenyl Flavine fluorescence was present in the 
fungal cell wall, with greater intensity in zoosporangia than in 
FIGURE 2. Batrachochytrium dendrobatidis. Merged confocal microscopy images of organisms in culture demonstrating Solophenyl Flavine and 
DRAQ5 staining patterns in stages from germling to zoosporangium. A culture of 2 X 106 stained zoospores was added to a Petri dish and imaged 
periodically for the following 4 days to demonstrate staining patterns coinciding with culture growth. Scale bar = 5 ~m; all images are at 
same magnification. 
FRIESEN AND KUHN-FLUORESCENT MICROSCOPY OF B. OENOROBATIOIS 511 
germlings and, as expected, did not stain zoospores. Rhizoids 
were also stained with Solophenyl Flavine but exhibited less 
fluorescence than the cell wall. 
Dual-staining of cultures with DRAQ5 and Solophenyl Flavine 
demonstrated the aforementioned staining patterns without any 
observed cross-talk between fluorescent stains. Cultures matured at 
the same rate as the unstained cultures without noticeable 
morphological differences. Periodic imaging of a dual-stained 
culture provided fluorescent images of the maturation stages of Ed 
(Fig. 2). In the most mature stage, numerous distinct localizations 
of DRAQ5 staining indicated the presence of DNA in nuclei of 
developing zoospores prior to release from a zoosporangium. 
DISCUSSION 
The fluorescent stains Solophenyl Flavine and DRAQ5 are 
shown to be effective in binding to the Ed fungal cell wall and 
DNA, respectively. Observed staining patterns demonstrate 
DRAQ5 localization in the nucleus and Solophenyl Flavine 
localization in the cell wall. These stains have been validated for 
use in other live-cell fluorescent imaging experiments and did not 
cause any observed toxic effects on Ed. Viability of Ed cultures in 
the presence of both stains did not appear to be diminished; 
zoospores retained motility and mature zoosporangia continued 
to form and release new zoospores at a manner and rate 
corresponding to unstained cultures. Solophenyl Flavine demon-
strated strong fluorescence, even with low laser power, and did 
not demonstrate photobleaching. Because a 405-nm laser was 
used, phototoxic effects may be a problem for experiments 
requiring continuous imaging, although the 405-nm laser power 
can be set below 1 % and still produce ideal fluorescent intensity. 
In a time-lapse experiment, growth and maturation of Ed 
germlings in the field of view appeared to slow or halt during 
the first 6 hr of image capture at half-hour time points, while Ed 
organisms outside the field of view matured normally. Effects that 
DRAQ5 has in displacing DNA-binding proteins have been noted 
and related to corresponding cellular functions, suggesting 
caution in the interpretation of chromosome-related live-cell data 
in future studies (Mari et aI., 2010). While transmitted light was 
captured in all images, the use of DIC was prohibited by the 
plastic Petri dish lid for in vitro cultures. Imaging samples that 
avoid the use of plastic within the light path would prevent 
capturing unpolarized light and allow for higher-contrast light 
microscopy images using DIe. 
A secondary observation made during this study was the 
adhesive nature of Ed zoospores. Whether stained or unstained, 
Ed zoospores in liquid culture exhibited binding to untreated glass, 
some types of plastic, hair, and cotton fibers. These binding 
interactions could occur within 10 min of initial contact. Binding to 
glass appeared to weaken as zoosporangia prepared to release new 
zoospores 3 to 4 days after culture. Future studies on the how this 
binding affects host specificity or infection mechanisms are needed, 
as adhesion is critical for fungal pathogens (Braun and Howard, 
1994). A prominent cellular component of Ed observed during 
microscopy was a large vacuole that diminished in size as new 
zoospores developed within a zoosporangium. This vacuole 
remained free of DNA staining and appeared to displace the 
nucleus to near the cell wall. Vacuolar contents and functions in Ed 
have not been characterized yet, but storage of metabolites or 
proteases may be involved (Klionsky et aI., 1990; Veses et aI., 2008). 
The imaging of targeted fluorescent molecules in viable Ed will 
provide opportunities for the study of cellular biology in the 
forms of protein interactions, localizations, and DNA replication. 
The use of stained zoospores in experimental infections provides 
an option for observing fungal location within the skin of an 
infected amphibian without histological staining or specific 
antibodies. Adapting other fluorescent markers for use with Ed 
will continue to improve the methods available for the study of 
chytridiomycosis. 
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ULTRASTRUCTURAL ASPECTS OF ELLIPSOMYXA MUGILIS (MYXOZOA: 
CERATOMYXIDAE) SPORES AND DEVELOPMENTAL STAGES IN NEREIS DIVERSICOLOR 
(POL YCHAETA: NEREIDAE) 
Luis Filipe Rangel, Carlos Azevedo*t, Gra~a Casal*:j:, and Maria Joao Santos 
CIMAR-Laborat6rio Associado, CIIMAR-Centro Interdisciplinar de Investigac;:ao Marinha e Ambiental, Faculdade de Ciencias, Universidade do 
Porto, Rua do Campo Alegre, sin FC4, 4169-007 Porto, Portugal. e-mail: luisfiliperangel@sapo.pt 
ABSTRACT: The ultrastructure of the spores and developmental stages of Ellipsomyxa mugilis in Nereis diversicolor were studied by 
transmission electron microscopy, The ultrastructure features and the developmental stages show many similarities with the general 
pattern described for other actinospores. However, several new features are definitely worth noting. For example, tetranucleated cells 
precede the formation of the initial pansporocyst, which preserves the 2 original enveloping cells until the end of sporogony. In the 
initial stages of sporogony, the future sporoplasm cell acquires the first secondary cell by an engulfment process. In the final stage of 
sporogony, spores are formed by a sporoplasm with 2 secondary cells and I somatic nucleus, and the polar capsule has a polar filament 
with a helicoidal arrangement possessing 7-8 coils. 
Myxozoans are microscopic metazoan parasites, whose known 
life cycles often alternate between vertebrate and invertebrate 
hosts (Lorn and Dykova, 2006). That is the case of Ellipsomyxa 
mugilis Sitja-Bobadilla and Alvarez-Pellitero, 1993 (K0ie and 
Karlsbakk, 2009), which is a coelozoic parasite in both phases of 
its life cycle. The actinospore phase of E. mugilis occurs in the 
nereidid polychaete Nereis diversicolor, where it is found in the 
coelomic cavity (Rangel et aI., 2009). Its myxospore phase occurs 
in mugilid fishes' gall bladder and bile (Sitja-Bobadilla and 
Alvarez-Pellitero, 1993). 
Lorn and Dykova (1992, 1997) showed that both phases of 
the myxozoan life cycle-myxospore and actinospore-share 
many common features, namely, pansporoblast formation, polar 
capsule structure and morphogenesis, the presence of sporoplas-
mosomes in the sporoplasms, and cell-in-cell organization, among 
others. Ultrastructure studies of myxozoan parasites are impor-
tant, not only for describing the morphology and the sporogenesis 
of spores (Lorn and Dykova, 1996; Okamura et aI., 2002; Morris 
and Adams, 2007), but also for better understanding the life cycle, 
transmission processes, and pathogenicity of different species 
(Cuadrado et aI., 2008). The ultrastructure studies also help to 
elucidate aspects of myxozoan taxonomy and phylogeny (Re-
dondo et aI., 2003). Nevertheless, ultrastructural studies of the 
actinospore and developmental stages are still scarce (see 
Marques, 1982; Lorn and Dykova, 1992; Trouillier et aI., 1996; 
Lorn and Dykova, 1997; EI-Matbouli and Hoffmann, 1998; 
Hallett et aI., 1998; Alvarez-Pellitero et aI., 2002; Oumouna et aI., 
2002; Morris, 2010). For E. mugilis, the myxospore ultrastructure 
has already been characterized, when first described from mullets 
in Mediterranean waters (Sitja-Bobadilla and Alvarez-Pellitero, 
1993), but nothing is known for the actinospore stages. The aim of 
the present work is to describe the ultrastructure of the spores and 
developmental stages of the parasite E. mugilis in the coelomic 
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cavity of N diversicolor and to investigate the cell-in-cell 
condition, already described as typical of myxozoans (Lorn and 
Dykova, 2006) and recently questioned by Morris (2010). 
MATERIAL AND METHODS 
Ellipsomyxa mugilis spores and developmental stages were obtained in 
the coelomic fluid from 3 infected specimens of N. diversicolor collected in 
the Aveiro Estuary, Portugal (40040'N, 8°45'W). The worms (n = 138) 
were sampled in March and June 2009, and the parasites were identified in 
accordance with the description provided by Rangel et al. (2009). 
Fresh infected tissues were fixed in 3% glutaraldehyde with 0.2 M sodium 
cacodylate buffer (pH = 7.4) at 4 C for 10 hr, washed overnight at 4 C with 
the same buffer, and post-fixed in 2% OS04 buffered with the same solution 
for 3 hr at 4 C. After dehydration in an ascending graded ethanol series and 
propylene oxide, the material was embedded in Epon. Ultrathin sections 
were double stained with aqueous uranyl acetate and lead citrate and then 
observed using a JEOL 100CXII TEM operated at 60 kV. 
RESULTS 
Ultrathin sections of infected tissues exhibited several spores 
and developmental stages of E. mugilis in N diversicolor. The 
earliest stages found were tetranucleated cells, as observed in a set 
of ultrathin serial sections. However, because these 4 nuclei are 
located in different planes, only 3 of them can be simultaneously 
shown in a single section and corresponding photo (Fig. 1A). 
They have several elongated mitochondria, with a few cristae, 
dense bodies, vacuoles, and some vesicles. 
The subsequent stages observed were the 4-cell stages Goined 
together by desmosome-like junctions) and the formation of 
the initial pansporocyst (Fig. 1B). In the latter, 2 peripheral cells 
(somatic cells) began to envelope the other 2 internal cells 
(generative cells), which had a more rounded form (Fig. 1C). 
Both types of cells had large nuclei, with more, or less, central and 
compact nucleoli. The mitochondria were much more conspicu-
ous in the internal cells, and they had the same features as those 
described for the tetranucleated cells. Both cell types, peripheral 
and internal, had dense bodies in their cytoplasm, but they were 
more conspicuous in the peripheral cells. The peripheral cells had 
long cisternae of rough endoplasmic reticulum (RER), following 
the contour of the cellular membranes (Figs. lB-C). In the 
internal cells, the cisternae of RER seemed to go around the other 
organelles, in a "zig-zag" fashion (Fig. 1B). Until the end of the 
gametogony, the pansporocysts were formed only by the 2 initial 
peripheral cells, connected by desmosome-like junctions (Fig. 1D). 
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FIGURE I. Early and gametogony developmental stages of Ellipsomyxa mugilis. (A) Tetranucleated cell showing 3 nuclei in this level. Dense bodies 
and vacuoles are also present. (B) Four-cell stage preceding the formation of the pan sporocyst. The cells (asterisks) are joined together by desmosome-
like junctions (arrows). (C) Formation of the pansporocyst. Two cells (asterisks) are enveloping 2 internal cells (only I internal cell is visible in this level) . 
(D) Initial stage of gametogony. The 2 enveloping cells (asterisks) form the pansporocyst wall, enclosing the generative cells. Abbreviations: Db, Dense 
body; Mi, mitochondrion N, nucleus; Nc, nucleolus; Va, vacuole. Arrowheads, rough endoplasmic reticulum. All scale bars = 211m. 
It was not possible to observe either zygote formation or the 
4-cell first sporoblast stage. The first sporogony stages observed 
in the ultrathin sections were sporoblasts with 6 or 7 visible 
cells (Fig. 2A). Five or 6 cells, connected by cell junctions, 
were visible around I, or 2, more internal cells. The cells of 
this stage were characterized by having mitochondria with the 
same features previously described and RER cisternae. Some 
dense bodies were also visible, but they were even scarcer when 
compared with previous developmental stages, In some sporo-
blasts, with 2 central cells, I of them was in the process of 
enveloping the other one (Figs. 2B- C). In another sporoblast, 
there was only I central cell, and, inside it, a secondary cell could 
be seen (Fig. 2B). Both situations were observed in a panspor-
ocyst's single section (Fig. 2A). 
Capsulogenesis started with the formation of a capsular 
primordium extended by an external tubule (Figs. 2D-E). Around 
the external tubule there were micro tubules. In the capsular 
primordium wall, there were 2 layers of different density, I external 
electron-dense layer followed by an electron lucent layer and a 
homogeneous electron dense core (Fig. 2E). 
In a more advanced stage of development, the spores already had 
the configuration of mature spores (Fig. 2F), The 3 capsulogenic 
cells were located at 1 edge, with their polar capsules positioned in a 
triangular fashion immediately below the sporoplasm cell; all of 
these cells were enveloped by the 3 valvogenic cells (Figs. 2F, 3A). 
In a set of ultrathin serial sections the 3 capsulogenic cells 
were observed juxtaposed. Under a cross-sectional view, such a 
junction follows a more, or less, straight line (Fig. 3B), while, in a 
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FIGURE 2. Sporogony developmental stages of Ellipsomyxa mugilis. (A) Longitudinal transverse section of a pansporocyst constituted by 2 enveloping 
ceIls, connected by desmosome-like junctions (arrows), showing 4 sporoblasts in the initial stages of sporogony. (B) Magnification of a detail of Figure 2A 
showing 2 sporoblasts. In the bottom sporoblast, I central ceIl is enveloping the other, which wiIl became the first secondary ceIl in the future spore's 
sporoplasm cell. In the top sporoblast, there is only 1 central ceIl, already with a secondary ceIl inside. (C) A sporoblast with 2 central ceIls in which I have 
almost enveloped the other. (D) Two capsulogenic cells surrounded by 2 valvogenic cells (asterisks), showing the capsular primordium (arrows) and 2 large 
lipid droplets. (E) A capsulogenic ceIl showing a capsular primordium and the external tube (arrow) in cross section. (F) A spore showing 2 secondary ceIls 
and I somatic nucleus of the sporoplasm cell. The enveloping valvogenic cells are present (arrows). Abbreviations: C j -C2, Central cells in sporoblast; CP, 
capsular primordinm; L, lipid droplets; N, nucleus; P, primary cell; Pa, pansporocyst cell; S, secondary cell; Sp, sporoplasm ceIl. AIl scale bars = 2 ~m. 
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FIGURE 3. Sporogony developmental stages of Ellipsomyxa mugilis. (A) Cross section of a spore at the sporoplasm cell level showing 3 valvogenic 
cells connected by 3 cell junctions (arrows). (B) Cross section of 3 capsulogenic cells with a straight-line boundary between them. Two polar capsules are 
visible showing the start of the polar filament (arrows) coiling inside the capsules. The cytoplasm shows signs oflysis with lighter areas (double asterisks) . 
(C) Longitudinal section of 2 capsulogenic cell. This picture also shows a sinuous curve boundary between the capsulogenic cells. (D) Oblique spore 
showing a cellular junction in the valvogenic cells (arrowhead) and a space (asterisk) between the polar capsule wall and the capsulogenic cell cytoplasm. 
The polar filaments (arrows) are al ready coiled inside the polar capsule. The cytoplasm of the capsulogenic cell shows signs of lysis with lighter areas 
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FIGURE 4. Schematic drawing of a polar capsule of Ellipsomyxa 
mugilis actinospore and surrounding structure organization. 
longitudinal view, the cellular membranes of the capsulogenic cells 
form a sinuous curve, like the perimeter of the pieces in a puzzle 
(Fig. 3C). During the maturation process, the capsulogenic cells 
showed signs of some degeneration of its cytoplasm (Figs. 3B, 3D), 
which was visible by the presence oflighter areas presenting aspects 
of lysis. 
The polar capsule wall of more mature spores is formed in 2 
layers, 1 external electron-dense layer, externally delimited by a thin 
membrane, and a more internal electron lucent layer (Figs. 3D, E, 
4). In the central region of the polar capsule is present a polar 
filament and materials with different densities, which are, most 
probably, lipid droplets (Fig. 3E). In many sections, a space 
delimited by a membrane was observed between the polar capsule 
wall and the capsulogenic cell cytoplasm (Figs. 3D, E). The polar 
filament had a helicoidal arrangement inside the polar capsule. It 
began with 6 coils in newly formed polar capsules and ended with 7 
or 8 coils in more mature capsules (Fig. 3E). The polar capsule 
opens to the exterior near the base of the polar filament, which is 
inverted inside the polar capsule. In this zone, there was an 
electron-dense structure with a fibrilar appearance (Fig. 3E) 
functioning like a plug, and, in many sections, we observed a cell 
junction between the valvogenic cells (Fig. 3D). 
The valvogenic cells are flattened when the spore matures, 
becoming reduced to a small amount of cytoplasm and organelles. 
At this maturation stage, the valvogenic cells completely 
surrounded the capsulogenic cells and the sporoplasm cell. 
The sporoplasm cells, of maturating and mature spores, 
possessed 2 secondary cells and I somatic nucleus (Fig. 2F). 
Their cytoplasm and organelles had a more electron-dense 
appearance than the other cell types. The most conspicuous 
organelles were mitochondria, but some cytoplasmic inclusions 
were also visible. Other organelles frequently observed in the 
sporoplasm cell were sporoplasmosomes. These organelles were 
electron dense, resembling tiny rods and scattered all over the 
sporoplasm cytoplasm. In the posterior part of the spore, the 
sporoplasm cell established cell junctions with the valvogenic cells 
by pseudopodia-like projections (Fig. 3F). 
During the entire spore development period, the pan sporocyst 
is formed by only 2 cells. The cell junction between the 2 
pansporocyst cells corresponds to the constriction zone that was 
visible with ordinary light microscopy (Fig. 2A). 
DISCUSSION 
The present E. mugilis ultrastructure study in the host N. 
diversicolor confirmed the general development sequence de-
scribed for this species by ordinary light microscopy (Rangel et 
aI., 2009). The ultrastructure observations, developmental stages, 
and spores of E. mugilis agree, in general terms, with the features 
described so far for the few other actinospores studied to date. 
For example, we also noticed the existence of tetranucleated cells 
preceding the formation of the initial pan sporocyst (EI-Matbouli 
and Hoffmann, 1998), the initial pansporocyst formation by 2 
external cells enveloping 2 internal cells (Lorn and Dykova, 1992, 
1997; EI-Matbouli and Hoffmann, 1998), the formation of polar 
capsules from a capsular primordium with external tubuli (Lorn 
and Dykova, 1992, 1997; El-Matbouli and Hoffmann, 1998), and 
the general structure of mature actinospores (Lom and Dykova, 
1992,1997; El-Matbouli and Hoffmann, 1998; Hallett et aI., 1998; 
Alvarez-Pellitero et aI., 2002). 
Moreover, the details reported here, e.g., as for mitochondria, 
reveal strong similarity with those already described for the 
myxospore of E. mugilis ultrastructure characterized by Sitja-
Bobadilla and Alvarez-Pellitero (1993). Mitochondria of the 
actinospore developmental stages, and of the myxospore plasmo-
dia, presented the same size, elongated shape, and few cristae 
irregularly distributed. 
However, some differences and additional details are worth 
discussion. 
The ultrastructure of the 4-cell stage, preceding the formation 
of the initial pansporocyst, was previously illustrated for 
triactinomyxon- and aurantiactinomyxon-type spores (Lorn and 
Dykova, 1992, 1997), for the raabeia-type spore of Myxobolus 
cult us (Lorn and Dykova, 1997), and for the triactinomyxon of 
Myxobolus cerebralis (EI-Matbouli and Hoffmann, 1998). These 
authors reported that, contrary to the internal cells, only the 
peripheral cells that form the pan sporocyst possess several dense 
bodies and phagosomes. However, we now observed that the 
internal cells of E. mugilis also have dense bodies and phagosomes. 
For the stage that characterizes the spores, Lom and Dykova 
(1992, 1997) refer to the existence of a plug of moderate electron-
dense material in the mouth of the polar capsule. This plug is 
(double asterisks). (E) The longitudinal section of polar capsule of a mature spore showing the polar filament with 8 coils (arrows) and the core zone 
filled with lipid droplets. This picture also shows a space (asterisk) between the polar capsule wall and the capsulogenic cell cytoplasm. (F). Longitudinal 
section of a spore showing pseudopodia-like projections (arrows) of the posterior part of the sporoplasm cell connected to the valvogemc cell by a cell 
junction. Abbreviations: CC, capsulogenic cell; L, lipid droplets; N, nucleus; Pa, pansporocyst cell; PC, polar capsule; S, secondary cell; Sp, sporoplasm 
cell. All scale bars = 211m. 
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topped by a cone that also contains an electron dense substance. 
The cone is covered by a layer of less dense material, a layer of 
fibers, or even by a layer of short microtubules. The polar capsule 
of E. mugilis has a similar plug, made of a denser material and 
covered by a fibrilar structure, but the cone shape described by 
Lorn and Dykova (1992, 1997) was not observed. In this zone of 
E. mugilis, the valvogenic cells have some cell junctions, showing 
the existence of a pore (Fig. 3D). In our observed ultrathin 
sections, the plug did not protrude between the valvogenic cells, as 
described by Lorn and Dykova (1997) and by Alvarez-Pellitero et 
aI. (2002) for triactinomyxon of Myxobolus bramae and Myx-
obolus pseudodispar. 
The polar filament has a helicoidal arrangement in E. mugilis 
with 7 or 8 coils. The number of coils seen in TEM sections here 
replaces the 5 or 6 coils previously revealed by light microscopy 
(Rangel et aI., 2009) and probably reported from immature spores 
or from spores in which not all coils were easily visible. 
The number of somatic nuclei in the sporoplasm cell seems to 
be variable among the different species. Lorn and Dykova 
(1992), studying Triactinomyxon legeri, and Hallett et aI. (1998), 
studying the triactinomyxon of M. bramae and M. psudodispar, 
refer to 2 somatic nuclei in the sporoplasm cell, whereas El-
Matbouli and Hoffmann (1998) refer to the existence of a single 
somatic nucleus in the sporoplasm cell of triactinomyxon of M. 
cerebralis. Likewise, in E. mugilis, the sporoplasm cell has only 
1 somatic nucleus. Other organelles observed included mito-
chondria, dense bodies, and sporoplasmosomes. In the poste-
rior region, the sporoplasm cell had pseudopodia-like projec-
tions, which were connected by cell junctions to the valvo genic 
cells (Fig. 3F). Pseudopodia-like projections of the sporoplasm 
cells seem to be a common feature (Lorn and Dykova, 1997; 
Hallet et aI., 1998; Alvarez-Pellitero et aI., 2002), but the cell 
junctions between them and valvogenic cells have not yet been 
described. 
During the entire development of E. mugilis spores, the 
pansporocyst wall consisted of only 2 cells, connected by 
desmosome-like junctions. The constriction zone of the panspor-
ocyst observed with light microscopy (Rangel et aI., 2009) 
corresponds to this cell junction zone reported in the present 
study. 
The cell-in-cell condition, typical of myxozoans, has been 
explained as a phenomenon of endogenous budding (Lorn and 
Dykova, 2006), in which the secondary cell is formed when 1 
nucleus of the primary cell is surrounded by endoplasmic 
reticulum, which later becomes the cellular membrane of the 
secondary cell. More recently, Morris and Adams (2007) showed 
that the sporoplasm cells of spores from Tetracapsuloides 
bryosalmonae (malacosporean) develop inside Fredericella sultana 
and acquire the secondary cells by an engulfment process (or 
internalization) of another cell. This led Morris (2010) to suggest 
that primary cells acquire the first secondary cell by an 
engulfment process, with possible variations between species. 
This secondary cell can then produce, by mitosis, more secondary 
cells inside the primary cell. In ultrathin sections of early 
sporoblasts of E. mugilis, with 6 or 7 visible cells, we observed 
some sporoblasts with 2 central cells, in which 1 is enveloping the 
other (Figs. 2A-C); in other sporoblasts, we saw only 1 central 
cell with a secondary cell already inside (Figs. 2A, B). Accord-
ingly, the engulfment of cells seems to be the most suitable 
explanation for the origin of the first secondary cell in the E. 
mugilis actinospore. Nevertheless, the results in our study do not 
agree with the existence of what Morris (2010) reported as 
valvocapsulogenic (VC) cells and sporoplasmogenic (SP) cells in 
the pathway presented in his Figure 9 (pathway B), for the origin 
of the sporoplasm in the aurantiactinomyxon-type spore. In this 
pathway, in an early sporoblast formed by 3 sporogonic cells 
surrounding a germ cell, the 3 sporogonic cells divide, and the 
resulting 6 cells reorganize to form 3 VC cells and 3 SP cells. The 
latter cells fuse and internalize the germ cell, which has also 
divided, forming a sporoplasm with 2 internal cells. The VC cells 
then divide to form the 3 valvogenic cells and the 3 capsulogenic 
cells. In E. mugilis, after the central cell had acquired a secondary 
cell (Figs. 2A, B) by a likely envelopment process (Fig. 2C), it 
remains surrounded by more than 3 cells (4 or 5 cells visible in the 
ultrathin sections). Thus, the process of secondary cells formation 
described by Morris (2010), with the intervention of SP cells, does 
not seem to occur in E. mugilis. 
In conclusion, actinospore developmental stages of E. mugilis 
show many similarities to the development and ultrastructure 
features with the few actinospores already described. However, it 
remarkably differs in the formation of the first secondary cell of 
the sporoplasm. The present observations support the work of 
Morris (2010) in that endogenous budding does not occur in 
myxozoan developmental biology, as previously stated by Lorn 
and Dykova (2006). 
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RELATIONSHIP BETWEEN TEMPERATURE AND CERATOMYXA SHASTA-INDUCED 
MORTALITY IN KLAMATH RIVER SALMONIDS 
R. Adam Ray, Richard A. Holt*, and Jerri L. Bartholomew*t 
Department of Fisheries and Wildlife, Oregon State University, Corvallis, Oregon 97331. e-mail: bartholj@science.oregonstate.edu 
ABSTRACT: Water temperature influences almost every biological and physiological process of salmon, including disease resistance. In 
the Klamath River (California), current thermal conditions are considered sub-optimal for juvenile salmon, In addition to borderline 
temperatures, these fish must contend with the myxozoan parasite Ceratomyxa shasta, a significant cause of juvenile salmonid 
mortality in this system. This paper presents 2 studies, conducted from 2007 to 2010, that examine thermal effects on C. shasta-induced 
mortality in native Klamath River Chinook (Oncorhynchus tshawytscha) and coho (Oncorhynchus kisutch) salmon. In each study, fish 
were exposed to C. shasta in the Klamath River for 72 hr and then reared in the laboratory under temperature-controlled conditions. 
The first study analyzed data collected from a multi-year monitoring project to asses the influence of elevated temperatures on parasite-
induced mortality during the spring/summer migration period. The second study compared disease progression in both species at 4 
temperatures (13, 15, 18, and 21 C) representative of spring/summer migration conditions. Both studies demonstrated that elevated 
water temperatures consistently resulted in higher mortality and faster mean days to death. However, analysis of data from the multi-
year monitoring showed that the magnitude of this effect varied among years and was more closely associated with parasite density 
than with temperature. Also, there was a difference in the timing of peak mortality between species; Chinook incurred high mortalities 
in 2008 and 2009, whereas coho was greatest in 2007 and 2008. As neither temperature nor parasite density can be easily manipulated, 
management strategies should focus on disrupting the overlap of this parasite and its obligate hosts to improve emigration success and 
survival of juvenile salmon in the Klamath River. 
Environmental temperature is a critical factor that affects the 
function and efficiency of biological and physiological processes of 
poikilothermic animals. Prolonged exposure to either cold or warm 
temperature extremes can result in the cessation of these processes 
and eventually lead to death. The thermal tolerances of salmonids 
vary, depending on life stage and biological process, e.g., incubation, 
development, smoitification, or spawning. Optimal temperatures for 
rearing and growth of juvenile Chinook (Oncorhynchus tshawytscha) 
and coho (Oncorhynchus kisutch) salmon are similar (12.2-20.0 C 
and 11.8-17.0 C, respectively), with Chinook capable of handling 
slightly higher temperatures (see review by Richter and Kolmes, 
2005). The upper incipient lethal temperature (UILT) for both 
species is approximately 25 C (Brett, 1952). Although the UILT 
provides an accurate assessment of temperature-induced mortality, it 
fails to capture the compounding effects of other stressors, and thus 
chronic and acute temperature thresholds have been identified for 
juvenile salmon. Temperatures at the chronic (16 C) threshold can 
result in negative effects on salmon behavior and physiology 
(Campbell et aI., 2001; Sullivan et al., 2001); at the acute (22 C) 
threshold, negative effects on the salmon are intensified and 
mortality can occur from temperature alone (Campbell et aI., 
2001). In the Klamath River below Iron Gate dam, Chinook and 
coho salmon encounter water temperatures ranging from 3 to 6 C in 
January to 20 to 22.5 C in July and August (Bartholow, 2005), thus 
exceeding both the chronic and acute thresholds. 
In addition to direct effects on fish physiology, increased 
temperatures also decrease the ability of fish to cope with 
pathogens and other stressors (Fryer and Pilcher, 1974; Wede-
meyer et aI., 1980; Wedemeyer and McLeay, 1981). Indeed, as 
temperatures exceed 15 C, mortality from many salmonid 
pathogens increases, as does the rate at which fish succumb to 
these pathogens (Richter and Kolmes, 2005). In the Klamath 
River, there are several enzootic salmonid pathogens, including 
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the myxozoan parasites Parvicapsu/a minibicornis and Cerato-
myxa shasta (Nichols and Foott, 2006). Of these, C. shasta is 
considered a significant cause of juvenile salmonid mortality 
(Foott and Stone, 2004; Fujiwara et aI., 2011). A relationship 
between increasing water temperature and elevated and acceler-
ated mortality from C. shasta was first demonstrated by Udey 
et al. (1975). That study used strains of rainbow trout 
(Oncorhynchus mykiss) and coho salmon from river systems 
where C. shasta is not established and, therefore, are considered 
highly susceptible to C. shasta, with a lethal infectious dose as low 
as a single parasite (Bjork and Bartholomew, 2009). In contrast, 
as a result of evolving with the parasite, Klamath River salmonids 
have developed a degree of genetic resistance and, therefore, are 
considered less susceptible, with a lethal threshold dose 
approaching 75,000 actinospores for Chinook salmon (Ray 
et aI., 2011). To examine the effect of water temperature on 
disease progression in these more resistant salmon strains, Foott 
and Stone (2004) exposed native Klamath River Chinook salmon 
to the parasite and then reared the fish at 16 and 20 C. Despite the 
increased resistance of this strain, mortality was unexpectedly 
high at both temperatures. Thus, while the findings of Udey et al. 
(1975) demonstrate a strong positive relationship between 
temperature and the rate of disease, the results of the second 
study suggest that some other factor, i.e., parasite density, once 
exceeded, may overwhelm any temperature-related effects. 
Temperature also affects the developmental rate and timing of 
release of the actinospore stage of C. shasta from its obligate 
invertebrate polychaete host, Manayunkia speciosa (Bartholomew 
et aI., 1997). In the Klamath River, C. shasta infections were 
observed in fish held in the river beginning in April and increased 
through July. Although infections declined in late summer and 
fall, fish became infected as late as December, at water 
temperatures between 7 and 22 C (Hendrickson et aI., 1989; 
Stocking et ai., 2006), indicating the presence of the actinospore 
stage in the water column. Direct measurement of C. shasta in 
water using a quantitative molecular assay (Hallett and Bartho-
lomew, 2006) showed a similar trend, with actinospore stages in 
the upper Klamath Basin detected between 10 and 22 C, and peak 
production occurring at approximately 17 C (Hurst et aI., 2011). 
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These studies illustrate a strong seasonal relationship between 
parasite density and salmonid infection. 
The present study explores the relationship between tempera-
ture, parasite density, and C. shasta-induced mortality in 
Klamath River salmonids. First, we analyzed data from sentinel 
fish exposures conducted from 2007 to 2010 to determine the 
relative influence of temperature on parasite-related mortality 
between years. Second, we conducted a temperature experiment 
to determine the relationship between temperature and C. shasta-
induced mortality for native Klamath River Chinook and coho. 
The findings of this study will facilitate better predictions of 
disease-related mortality and provide directions for research and 
management efforts to reduce the effects of this parasite on out-
migrating juvenile salmonids in the Klamath River system. 
MATERIALS AND METHODS 
Fish exposures and handling 
Juvenile (0+ age class) Chinook and coho salmon were obtained from 
the California Department of Fish and Game, Iron Gate Hatchery. Both 
species varied in size between study months and years, but coho were 
consistently smaller than Chinook. Chinook averaged approximately 2.0 g 
in May and 4.5 g in June, and the coho averaged 1.0 g in May and 3.5 gin 
June. Exposures were conducted in May and June 2007-2010, in the main 
stem Klamath River in California approximately I river km (Rkm) up-
river from the confluence with Beaver Creek (259.1 Rkm from the Pacific 
Ocean). Fish were transported to the study site in aerated coolers 
containing approximately 38 L of specific-pathogen-free (SPF) well water. 
Holding cages were anchored to the river's edge using cables, then 
submerged approximately 1 m from the bank in about 1 m deep water. 
Infection by C. shasta was accomplished by holding fish in the river for 
72 hr, after which the exposure groups were transferred to separate aerated 
coolers and transported to the Oregon State University-John L. Fryer 
Salmon Disease Laboratory (SDL), Corvallis, Oregon. At the SDL 
exposure groups were divided approximately in half and placed in 2S-L 
aquaria with SPF water at appropriate experimental temperatures (see 
following sections). Preventative treatments for bacterial infections and 
external parasites were administered (Stocking et aI., 2006). Fish were fed 
and observed twice daily. Moribund fish were removed and killed with an 
overdose (20 milL) of tricane methansulfonate (MS-222) and either 
immediately examined for infection or frozen for future examination. 
Surviving fish were killed 90 days post-exposure (DPE) with an overdose 
of MS-222, and 10 fish from each tank were immediately examined for 
infection. All moribund and a subset of up to 2S surviving fish were 
microscopically examined for the myxospore stage of C. shasta by 
collecting material from the posterior intestine with a sterilized inoculating 
loop and smearing the material in a drop of water on a microscope slide. 
The material was examined at 200x magnification for 3 min or until the 
myxospore stage was identified (Bartholomew, 2002). For each of the 
experiments described below, 20 control fish of each species were not 
exposed but were otherwise handled the same as the experimental fish. 
Multi-year monitoring 
Chinook and coho salmon were exposed to C. shasta in the Klamath River 
in May and June from 2007 to 2010, during the period when hatchery fish are 
released and migrating. After exposure fish were reared at 2 temperatures to 
assess the effects of temperature at different parasite densities. Due to 
differences in fish size between May and June, different sized cages were used 
(May: 67.3 cm by 17.8 cm covered with 0.3 em mesh; June: 61.0 cm by 38.1 cm 
covered in 0.6 cm mesh). In May 2007 to 2009, June 2007, and June 2009,80 
each of Chinook and coho salmon were exposed as described above. In June 
2008, data from the duplicate groups of fish held at 13 and 18 C in the 
temperature study were combined for this data point. In May and June 2010, 
80 Chinook were used, but due to poor adult returns the previous year, only 
60 coho were available. Following exposure, all fish were transported to the 
SDL and equally partitioned into 2S-L aquaria at either ambient laboratory 
conditions (13 C) or elevated temperature, which varied between 16 and 20 C 
to best represent river conditions during the exposures. In May 2010 in-river 
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conditions were 13 C; however, to continue with the thermal comparison, a 
group was reared at 16 C. 
Relationship between temperature and C. shasta-induced mortality 
In June 2008 Chinook and coho salmon were exposed to C. shasta and 
then reared at a range of temperatures to test the relationship between 
temperature and ceratomyxosis-induced mortality in resistant fish. For 
each species, 320 fish were placed in large holding cage (123.2 cm by 
40.6 cm with 0.3 mesh). After exposure, fish were transported to the SDL, 
and duplicate groups of 40 fish were randomly distributed into 2S-L 
aquaria with water at 13 C. After acclimation, duplicate tanks were 
supplied with water at 13, IS, 18, or 21 C. 
Parasite density measurement 
Three 1-L samples of water were collected when exposures were initiated 
and concluded to approximate the density of C. shasta during sentinel fish 
exposure. In 2007 these samples were collected manually at the start and 
end of the exposure. In 2008-2010 an automated ISCO water sampler 
(Teledyne Isco, Lincoln, Nebraska) was used to collect I L of water every 
2 hr into a IS-L composite chamber. From that composite sample, three 1-
L subsamples were manually collected to estimate the average parasite 
density over the first and last 24 hr of exposure. Samples were processed 
and analyzed by qPCR using methods described by Hallett and 
Bartholomew (2006) with modifications described in Hurst et al. (2011). 
The Cq values reported from this assay are inversely proportional to the 
amount of parasite DNA detected in the sample. Standard samples were 
used to determine the Cq value of I and 10 actinospores/L. 
Water temperature measurement 
From 2008 to 2010, water temperature was recorded at the exposure site 
from April through August (IS3 days). Temperature was recorded every 
15 min by a submerged HOBO temperature recorder (Onset Computer 
Corporation, Pocasset, Massachusetts). For each month, daily temperature 
averages were compared to chronic and acute temperature threshold values to 
determine the number of days above each threshold. Monthly temperature 
averages were compared between years to determine inter-annual differences. 
Data analYSis 
DPEs to death (morbidity/moribund) were recorded for all fish that 
were visually C. shasta positive and used as a metric for the virulence and 
intensity of infection. The geometric mean of DPE was used to determine 
the mean day to death (morbidity/mortality [MDD]) for groups when 
more than I fish succumbed to infection. Cumulative mortality was 
measured as the total number of fish that were visually positive for C. 
shasta, divided by the total number of fish in the aquaria. Overtly morbid 
and moribund fish were used as a proxy for each of these metrics. 
Mortality attributed to factors other than C. shasta was minimal and was 
not included in our analysis. 
Statistical analyses were conducted using TIBCO Spotfire S+ (TIBCO 
Software, Palo Alto, California). For the observational study, a 3-way 
ANOV A was used to analyze overall differences in parasite-induced 
mortality and the rate of mortality between month, year, and temperature. 
For the parasite-induced mortality analysis, the reported P values are based 
on the arcsine square root transformed data. At each individual site a X2 
analysis was used to determine differences in mortality between temperatures 
within a month and between the same rearing groups within a year. For the 
temperature experiment, non-parametric Kaplan Meier survival curves and 
Cox-proportional hazard tests were used to determine differences in 
cumulative and rate of mortality within and between temperature groups. 
We report the resulting Score (log-rank) test P values from this analysis. A 
Wilcoxon rank-sum test was conducted to determine differences in parasite 
density between years and months within a year from 2007 to 2010. 
RESULTS 
MUlti-year monitoring 
Ceratomyxa shasta-induced mortality differed between years 
for both Chinook and coho salmon, but within a year mortality 
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FIGURE 1. Ceratomyxa shasta-related mortality in Chinook (Onco-
rhynchus tshawytscha) and coho (Oncorhynchus kisutch) exposed at KBC 
from 2007 to 2010. Fish were reared at either ambient (13 C) or elevated 
temperatures (16, 18, or 20 C) in the laboratory. Statistically significant 
differences between ambient and elevated temperatures, within a month 
are indicated by H and between elevated temperatures within a year are 
indicated by 1. 
generally increased from May to June (Fig. 1). Chinook salmon 
mortality was driven by inter-annual differences (ANOY A P = 
0.002), but within a year there was no difference in mortality for 
similar rearing groups (ANOY A P = 0.995). Differences in 
mortality between ambient (A) and elevated (E) treatments were 
significant when A mortality was low, as in May (l = 5.118, dJ. 
= 1, P = 0.024) and June (X2 = 15.428, d.f. = 1, P = 0.0001) 2007 
and May (X2 = 4.878, d.f. = 1, P = 0.027) and June (X2 = 6.806, 
d.f. = 1, P = 0.009) 2010. Unlike the overall observed cumulative 
mortality trends, the rate at which Chinook succumbed to 
infection did not statistically differ between years (ANOY A P 
= 0.114), but there were differences between rearing temperature 
(ANOYA P < 0.0001) and exposure month (ANOYA P < 
0.0001, Fig. 2). The MDD was faster in the E groups and in June 
than in May for each year of observations. At either rearing 
temperature, Chinook mortality was highest in 2008 and 2009 and 
lowest in 2010. 
Like Chinook, there was a significant inter-annual difference in 
mortality of coho (ANOYA P = 0.014, Fig. 1). Coho mortality 
did not differ between months within a year for similar rearing 
groups, with the exception of 2009 E groups (X2 = 7.168, d.f. = 1, 
P = 0.007). Differences in mortality between temperatures were 
observed in May 2007 (X2 = 46.484, d.f. = 1, P < 0.0001), June 
2007 (X2 = 48.580, d.f. = 1, P < 0.001), and June 2009 (X2 = 
26.062, d.f. = 1, P < 0.001). The rate at which coho died from C. 
shasta infection was statistically different between years, months, 
and temperature (ANOYA P < 0.001, all). Faster mortality rates 
were observed for all the E groups compared to A, and June 
exposures resulted in shorter time to death in 2008 and 2009 
(Fig. 2). In 2007 and 2010 the May E groups had a slightly shorter 
time to death than the June E groups, despite a 2 C increase 
in temperature. For coho, parasite-induced mortality differed 
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FIGURE 2. Ceratomyxa shasta-related mean day to death (MDD) 
observed for Chinook (D. tshawytscha) and coho (D. kisutch) exposed at 
KBC from 2007 to 2010. Fish were reared at either ambient (13 C) or 
elevated temperatures (16, 18, or 20 C) in the laboratory. 
greatly between years with the highest mortality occurring in 2007 
and 2008. 
Thus, C. shasta-related mortality for both species differed 
between years; however, the timing and severity of infection differed 
between species. No C. shasta-related mortalities were observed in 
the unexposed control fish for either species in any month or year. 
Relationship between temperature and 
C. shasta-induced mortality 
Increases in rearing water temperature led to elevated and 
accelerated mortalities from C. shasta in both Chinook and coho 
salmon, with Chinook being more affected than coho. Cumulative 
mortality from C. shasta in Chinook increased with temperature 
from 68.8% at 13 C to 97.7% at 21 C (Fig. 3). The MDD was 
inversely correlated to temperature and decreased by almost 50% 
between 13 and 21 C groups (30.5 and 15.9 days, respectively). 
There were no differences in cumulative mortality between 
replicates at either 13 or 21 C (score [log-rank] test P = 0.529 
and 0.698, respectively). However, differences were detected 
between the duplicates of both 15 and 18 C treatments (score 
[log-rank] test P = 0.03 and 0.D1, respectively). The mortality 
curve of only one 15 C duplicate was statistically different from 
the 13 C treatment (score [log-rank] test P = 0.005). Each 18 C 
duplicate was significantly different from both the 15 C (score 
[log-rank] test P < 0.0001, for both) and 21 C groups (score [log-
rank] test P < 0.0001, for both). Therefore, each 15 C duplicate 
and the combined duplicates of 18 C were graphically represented. 
Overall, the cumulative and rate of mortality were significantly 
different between all temperature groups (score [log-rank] test 
P < 0.0001). The risk of succumbing to infection increased 
disproportionately between adjacent temperature groups, i.e., 2.2-
fold between 13 and 15 C (averaged for each 15C group), 4.7-fold 
between 15 and 18 C, and 6.9-fold between 18 and 21 C. 
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relationships. DPE = days post-exposure. 
Similar trends were observed for coho salmon, although 
cumulative mortality was slightly lower at most temperatures 
(Fig. 4). As observed in Chinook, cumulative mortality increased 
with increased rearing temperature from 66.7% at 13 C to 87.8% at 
21 C, and the MDD for coho decreased by almost SO% between 13 
and 21 C (3S.0 and 17.6 days, respectively). There were no 
significant differences in cumulative and rates of mortality between 
replicates at each temperature group (score [log-rank] test P = 
0.116, 0.37S, 0.609, and 0.176,13, IS, 18, and 21 C, respectively). 
Between adjacent temperature groups, i.e., 13 and IS C, IS and 
18 C, 18 and 21 C, there were significant differences (score [log-
rank] test P = 0.02, < 0.01, and < 0.01, respectively). As observed 
in Chinook, the risk of morality increased unequally between 
adjacent rearing groups, i.e., 2.4-fold between 13 and ISC, 3.S-fold 
between IS and 18 C, and S.S-fold between 18 and 21 C. 
Chinook cumulative mortality was higher for each temperature 
group, except IS C, and was more variable, especially at the lower 
temperatures, than observed in coho. While there was no 
difference in mortality and MDD between the 2 species at either 
13 or IS C, Chinook incurred higher mortality and faster MDD 
than coho at 18 and 21 C (score [log-rank] test P < 0.0001 for 
both groups). The overall and rate of mortality for both Chinook 
and coho increased with increasing water temperatures. No C. 
shasta-related mortalities were observed in the unexposed control 
fish of either species. 
Parasite density measurement 
In 2008 and 2009, parasite densities were greatest and 
consistently at, or above, 10 parasites/L. Individual water sample 
collection, which occurred in 2007, resulted in greater variability 
between samples and larger standard deviations (Fig. S). Due to 
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this within-sample variation, 2007 was not significantly different 
from any of the other years. However, when similar sampling 
techniques (IS CO) were compared, there were differences between 
2008 and 2009, 2008 and 2010, and 2009 and 2010 (P = 0.039, < 
0.001, and < 0.001, respectively). Densities were generally higher 
in June than May but were significantly different only in 2008 (P 
= O.OOS). 
Water temperature 
Temperature measurements were compared to the chronic (16 C) 
and acute (22 C) thresholds to distinguish differences between 
months and years (Fig. 6). The chronic threshold was not exceeded 
in April for any year; the highest average temperature during that 
month was in 2009 (11.4 C). The average daily temperature in May 
2008 and 2009 was lS.3 and 16.2 C, respectively, and the chronic 
threshold was exceeded 12 days in 2008 and 16 days in 2009. In 
May 2010, the average daily temperature was 13.7 C, and the 
chronic threshold was not exceeded during this month. The chronic 
threshold was exceeded 100% of the days in June, July, and August 
for all 3 yr. Daily temperatures for July and August averaged at or 
above the acute thermal threshold. Of the IS3 daily averages 
recorded for each year from 2008 to 2010, the chronic threshold 
was exceeded a total of 104, 108, and 88 days (respectively), and the 
acute was surpassed 44, 36, and 47 days (respectively). Although 
the temperature patterns were consistent between most of the 
months for all 3 yr observed, May 2010 was approximately I.S-2 C 
cooler than previous years. 
DISCUSSION 
Temperature influences almost every aspect of the C. shasta life 
cycle, from effects on overall salmon physiology, including stress 
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and disease resistance, to developmental rate and longevity of the 
parasite in the aquatic environment (Richter and Kolmes, 2005; 
Foott et aI., 2007; Bjork, 2010). Both of our studies demonstrated 
a relationship between increasing water temperature and C. 
shasta-related mortality in native Klamath River Chinook and 
coho salmon. Although elevated temperatures consistently 
resulted in higher mortality and quicker mean day to death, the 
magnitude of this relationship was not consistent between months 
within a year or between years, and differed between species. The 
findings of these studies using Klamath River salmonids were 
consistent with the trends described by Udey et al. (1975) for the 
effects of temperature on C. shasta-related mortality of more 
susceptible salmonids strains. They also provided further support 
for the threshold of high infectivity and mortality from C. shasta 
in Klamath River salmonids when densities exceed ~ 10 spores/L 
(Hallett and Bartholomew, 2006; Ray et aI., 2011). These findings 
also suggest a hierarchy of density, and then temperature, with 
respect to the relative importance of factors that affect 
ceratomyxosis. 
The complex relationship between temperature and environ-
mental conditions and the C. shasta life cycle were best 
exemplified by the multi-year observations. The water years 
2007 to 2010 were very similar in the Klamath River Basin, with 
no major flooding events (USGS water data, gauging station 
11516530). In May 2008-2009, water temperatures exceeded 16 C 
and intermittently surpassed 18 C, coinciding with the highest 
observed mortality for both species. In contrast, in 2010 water 
temperatures did not exceed 16 C until 1 June, 2 to 3 wk later than 
previous years. Mortalities of both species were low compared 
with previous years and remained low even as June temperatures 
increased. A strong relationship between thermal time (degree 
days) and growth and development has been shown for many 
ectothermic organisms, including invertebrates (Mullens et aI., 
1995; Honek et aI., 1996; Trudgill et aI., 2005) and for the 
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production of the actinospore stage of C. shasta (Hurst et aI., 
2011). Therefore, it is possible that the delay of warmer water 
temperatures in 2010 hindered the development of the polychaete 
host and/or the development of the actinospore stage of C. shasta 
within this host, postponing release of the parasites. These cooler 
temperatures, in conjunction with the lower parasite density, may 
have decreased the infection prevalence and allowed the salmon 
adequate time to recover from infection. As there were no 
discernable differences in water years over the course of this 
study, the delayed warming in 2010 provides at least circumstan-
tial evidence for the importance of the interaction between water 
temperature and the ceratomyxosis disease cycle. 
Although juvenile salmonids may experience a wide range of 
temperatures, our experimental study focused on the effects of 
temperature during the peak period of salmon migration. Study 
temperatures overlapped the coolest temperature during this 
period (13 C), the chronic threshold (16 C), and approached the 
acute threshold (22 C) established by Campbell et al. (2001). The 
risk of mortality was greatest as temperatures increased from 18 
to 21 C (6.9 for Chinook and 5.5 for coho), which neared the 
acute thermal threshold, and lowest as they increased from 13 to 
15 C (2.2 for Chinook and 2.4 for coho), which does not exceed 
any thermal limits. This disproportionate increase in risk at 
temperatures near, or above, the different thermal thresholds 
emphasizes the compounding influences of increased thermal 
stress and decreased ability to cope with the infection for both 
species. 
Since Udey et al.'s (1975) original experiments describing the 
relationship between water temperature and mortality from 
ceratomyxosis, there have been advances in parasite detection 
and our understanding of the biology of C. shasta. Two of the 
most significant were the elucidation of the parasite life cycle 
(Bartholomew et aI., 1997) and the development of molecular 
assays that could detect C. shasta DNA in fish (Palenzuela et aI., 
1999) and quantify parasite DNA in water (Hallett and 
Bartholomew, 2006). The latter assay allows for the estimation 
of parasite density in a given amount of water, which can be 
extrapolated to estimate the exposure dose. Variation in density 
between years provides an explanation for the differences in 
mortality observed, at similar temperatures, during the temporal 
study, as well as between this and previous studies. In 2007 and 
2010, parasite density measured less than the 10 spores/L 
threshold. In these years mortality was lowest in groups held at 
13 C and mortality in groups held at elevated temperatures was 
significantly higher, except for coho in 2010, where low fish 
numbers may have limited the statistical sensitivity. In 2008 and 
2009, parasite density exceeded the 10 spores/L threshold, and 
high mortality was observed regardless of rearing temperature, 
except for 2009 coho, which will be further discussed below. Thus, 
temperature effects were most significant below 10 spores/L, 
supporting the lethal threshold density identified by Hallett and 
Bartholomew (2006). 
Another recent development in our understanding of this 
parasite was the identification of C. shasta genotypes associated 
with different salmonid hosts. Atkinson and Bartholomew (20IOa, 
201Ob) identified 4 unique genetic types (genotypes 0, I, II, III) of 
C. shasta in the Klamath Basin. It was observed that mortality in 
Chinook was consistently associated with genotype I and in coho 
with genotype II, even though most genotypes were simulta-
neously detected in the river during exposure. These specific host 
associations may explain some of the disparities we observed in 
the temporal monitoring and temperature experiment. For 
example, between 2007 and 2009, there was a switch in cumulative 
mortality between the species, with higher mortality in coho in 
2007 and higher mortality in Chinook in 2009. Parasite density 
was similar between these years, thus differing proportion of host-
specific genotype may provide an explanation for the differential 
mortality. 
Coho are generally considered more sensitive to elevated 
temperatures, and this is supported in the June 2007 exposure. 
During this exposure, Atkinson and Bartholomew (2010a) 
estimated an approximate 1: 1 ratio of C. shasta genotype I 
(Chinook) to genotype II (coho) in water samples. Mortality in 
exposure groups held at 13 C was equally low for both species, but 
coho held at the higher temperature died at a rate double that of 
Chinook. This suggests that, as temperature increases, coho 
became less capable of preventing the onset of ceratomyxosis. 
However this trend is not repeated in the temperature experiment. 
During this exposure, parasite densities were higher than in 2007, 
and mortality was significantly lower in coho at both 18 and 21 C. 
This suggests that during this exposure a greater proportion of the 
total dose was genotype I, associated with Chinook. These 
examples emphasize the importance of understanding how all 3 
factors, e.g., temperature, density, and genotype, in combination, 
can affect the survival of juvenile salmonids as they migrate 
toward the ocean. 
The magnitude of the relationship between temperature and 
mortality was affected by parasite density during exposure, i.e., 
when densities were high thermal influences were dampened. In 
the Klamath River, current environmental conditions are 
marginal for out-migrating and over-summering juvenile salmo-
nids based solely on temperature, which is predicted to increase 
0.3--0.6 C per decade (Bartholow, 2005). The compounding stress 
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of C. shasta infections likely further impedes restoration of these 
commercially and culturally important species. Use of cool water 
refugia provided by tributaries and groundwater-influenced 
hyporheic zones by salmonids may mitigate some of the adverse 
effects of increasing temperature (May and Lee, 2004; Hatch 
et aI., 2006; Sutton et aI., 2007). However, these areas may 
provide only minimal relief for salmonids if the density of C. 
shasta remains at, or near, the densities observed over the course 
of our study. As this is a hatchery-driven system, a potential 
management action would be to release salmon earlier in the 
spring or later in the fall to avoid both peak parasite production 
and higher temperatures. To restore and stabilize the salmonid 
population in the Klamath River, river-wide modifications, such 
as dam removal and habitat restoration, have been proposed as 
part of the Klamath Basin Restoration Agreement (2010). Even if 
these projects do not alter in-river temperatures, they could 
disrupt the spatial or temporal overlap of hosts and parasite 
currently observed in the Klamath. Temperature and parasite 
density are difficult parameters to control; however, our findings 
provide avenues for research and management actions to 
potentially circumvent or lessen the adverse affects of C. shasta 
on the juvenile salmon population. 
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ADAPTIVE IMMUNE STIMULATION IS REQUIRED TO OBTAIN HIGH PROTECTION WITH 
FATTY ACID BINDING PROTEIN VACCINE CANDIDATE AGAINST FASCIOLA HEPATICA IN 
BALB/C MICE 
Julio Lopez-Aban, Ana Esteban, Belen Vicente, Jose Rojas-Caraballo, Esther del Olmo', Antonio R. Martfnez-Fernandezt, 
George V. Hillyer:!:, and Antonio Muro 
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ABSTRACT: Fascioliasis is a parasitic disease that mainly affects cattle and sheep, causing significant economic losses with a great 
impact in developing countries. Human fascioliasis is becoming more important with the high endemicity in some countries of the 
world. Previous studies have shown the importance of Fasciola hepatica fatty acid binding proteins (F ABP) as protective molecules 
against fascioliasis in various animal models including mice, rabbits, and sheep. Our studies have shown the protective efficacy of 
recombinant FABP (rFhI5) when the protein is formulated in the adjuvant adaptation system (ADAD), using either natural or 
synthetic immunomodulators. The ADAD system is most effective when it is used 5 days before each dose of specific vaccine antigen. 
The results showed survival rates of up to 50% with less severe hepatic lesions and high levels of IgG2a or IFNy in immunized mice, 
using the ADAD system, compared to survival rates of 13% with no hepatic lesion reduction and high levels ofIgGI and IL-4 in those 
mice immunized with the simplified mode (ADADs). 
Fascioliasis is a parasitic disease caused by the trematodes 
Fasciola hepatica and Fasciola gigantica. It is an important problem 
worldwide that affects mainly livestock, but is emerging in humans, 
causing significant economic losses of US $3.2 billion per year in 
animal production (Spithill and Dalton, 1998). Although anti-
helminthic drugs are available to treat the disease in both animals 
(Keiser et aI., 2007) and humans (Hien et aI., 2008), the need to 
develop a vaccine to prevent disease development is a priority. 
Natural definitive hosts can develop a protective immune response 
against a later infection, which suggests that a vaccine against F. 
hepatica is feasible (Haroun and Hillyer, 1986). Several antigens have 
been identified, purified, and tested as vaccines in different animal 
models. Among the antigens with the greatest potential as vaccine 
candidates for F. hepatica infection are glutathione S-transferase, 
cathepsin proteases, hemoglobin, fatty acid binding proteins 
(F ABP), leucine amino peptidase, and saposin-like protein (Hillyer, 
2005). The F. hepatica flatworm is not able to synthesize fatty acids 
de novo and must utilize those from the host by using carrier 
molecules. Fatty acid transport proteins (FATP) act in the 
membrane and FABPs act in the cytoplasm. Previous studies have 
shown the protective efficacy ofa 15-kDa FABP recombinant fatty 
acid binding protein, identified as rFh15, against F. hepatica in 
rabbits and sheep (Muro et aI., 1997; Casanueva et aI., 2001; Ramajo 
et aI., 2001). 
The ADAD system was proposed as an alternative to classical 
adjuvants such as Freund's. Adjuvants combine the vaccine 
antigen, and an immunomodulator that can be natural (hydro-
alcoholic extract of Phlebodium pseudoaureum) or chemically 
synthesized (aliphatic diamines or aminoalcohol), together with 
saponins of Quillaja saponaria (Qs) to form an emulsion with the 
non-mineral oil Montanide 30170 (w/o) (Martinez-Fernandez 
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et aI., 2004). The natural immunomodulator extracted from the 
rhizomes of the fern P. pseudoaureum (PAL) has shown down-
regulation in the Th-response in mice immunized with somatic 
antigens from third stage larvae of Anisakis simplex (CueJiar et aI., 
1997), antigens from first stage larvae of Trichinella spiralis (Dea-
Ayue1a et aI., 1999), excretory-secretory antigens of F. hepatica 
(L6pez-Aban, Andrade et aI., 2007), and mice infected with 
Trichomonas vaginalis (Nogal-Ruiz et aI., 2003). The synthetic 
molecule AA0029 has also demonstrated low cytotoxicity, 
inhibition of Iymphoproliferation, modulation of delayed type 
hypersensivity, modified ratios of CD8+, CD4+, and MHC-Class 
11+ cells, and increased nitric oxide production in LPS pre-
stimulated rat alveolar macrophages (del Olmo et aI., 2006). Mice 
iinmunized with the ADAD and F ABP system with the natural 
PAL and the synthetic OA0012 immunomodulators revealed 
protection ranging between 40 and 60% in terms of survival 
against a lethal infection; in sheep, there were reductions of up to 
43% in the number of worms recovered (Martinez-Fernandez 
et aI., 2004; L6pez-Aban, Casanueva et aI., 2007; L6pez-Aban 
et aI., 2008). 
Vaccination with the ADAD system includes a "set" of 2 sub-
cutaneous injections. The first, called "adaptation," contains Qs 
and the immunomodulator emulsified in non-mineral oil but 
without F ABP antigen. The second injection, administered 5 days 
after the adaptation, contains the F ABP antigen with Qs immu-
nomodulator in the emulsion oil (Martinez-Fernandez et aI., 
2004). The aim of the present work is to simplify the ADAD 
vaccination system for use in field conditions by reducing the 
number of injections needed. Furthermore, in addition to the 
natural immunomodulator PAL, we introduce a new synthetic 
aliphatic amine, AA0029 , which also has immunomodulatory 
properties. 
MATERIALS AND METHODS 
Animals and parasites 
Six-week-old female BALB/c mice weighing 20 g, from Charles River 
Laboratories, Criffa, Spain were used. The animals had free access to 
food and water and constant light and temperature conditions were 
maintained. The mice were housed in polycarbonate and wire cages in the 
animal experimentation facilities of the University of Salamanca. All 
animals were treated according to the current European law on animal 
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FIGURE 1. Serum IgG antibody level detection by ELISA (mean ± SEM) in BALB/c mice vaccinated with rFh15 formulated in the adjuvant 
adaptation system (ADAD), and the simplified ADAD mode (ADADs) with the natural immunomodulator PAL, and challenged with 5 metacercariae 
of F hepatica. (A) Using excretory-secretory F hepatica (ESFh) antigen at the third week PI. (8) Using rFhl5 protein before challenge. Non-significant 
specific antibodies against ESFh or rFh15 in comparison with un infected group are represented in white. 
experimentation. Metacercariae of F hepatica were provided by Ridgeway 
Research (Gloucestershire, U.K.). The metacercariae were kept at 4 C in 
distilled water until the time of administration. 
Excretory-secretory (ES) F. hepatica antigen preparation 
Excretory-secretory antigen was prepared in accordance with Casa-
nueva et al. (2001) with some modifications. Briefly, the adult worms were 
obtained from the liver of rabbits previously infected with 30 metacercar-
iae of F hepatica. The worms were washed 3 times with sterile phosphate-
buffered saline solution (PBS) and individually incubated for 3 hr at 37 C 
in I ml of RPM I medium containing 5 mM EDT A (Sigma, St Louis, 
Missouri), I mM PMSF (phenyl methyl sulfonyl fluoride [Sigma]), 1 ~M 
pepstatin A (Sigma), 4 ~M aprotinin (Sigma), 10 ~M chymostatin (Sigma), 
10% fetal calf serum, and 10 mM L-glutamine. Subsequently, worms were 
removed, the medium was centrifuged at 30,000 g for 30 min at 4 C, and 
the supernatant was recovered and extensively dialyzed against PBS. The 
antigen was stored at - 20 C until later use and the protein concentration 
was determined by the bicinchoninic acid assay (BCA) method (Pierce, 
Rockford, Illinois). 
Fasciola hepatica rFh15 recombinant protein: Cloning, expression, 
and purification 
Total F hepatica RNA was isolated using the RNeasy® Protect Mini 
Kit (Qiagen GmbH, Hilden, Germany) and employed as a template for 
cDNA synthesis with the First Strand cDNA Synthesis kit (Roche 
Diagnostic, Indianapolis, Indiana). The rFh 15 gene was amplified in 30 
PCR cycles as follows: 40 sec at 94 C, 40 sec at 52 C, and I min at 72 C 
using the following primer sequences: forward primer 5'-GGATCCA-
TGGCTGACTTTGTGGG-3' and reverse primer 5'-CTCGAGCGC-
TTTGAGCAGAGTG-3'. Restriction sites were added for the enzymes 
BamHI on the forward primer and Xhol on the reverse primer. PCR 
products were then purified with the StrataPrep® DNA Gel Extraction 
Kit (Stratagene, Madrid, Spain) and cloned into a pGEX-4T2 vector 
(Amersham Pharmacia Biotech, Uppsala, Sweden) with a Schistosoma 
japonicum GST sequence for further detection and purification by affinity 
chromatography. The resulting recombinant DNA plasmid was purified 
using a Nucleo Spin Plasmid Kit (Macherey-Nagel, Duren, Germany) and 
then sequenced in Central Services at the University of Salamanca to 
verify integrity of the cloned insert. 
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FIGURE 2. Survival curves ofBALB/c mice vaccinated with rFhl5 formulated in the adjuvant adaptation system (ADAD), and the simplified ADAD 
mode (ADADs) with the natural immunomodulator PAL, and challenged with 5 metacercariae of F. hepatica. 
Escherichia coli BL21 cells contammg the pGEX-4T2 recombinant 
construct were grown for 12 hr at 37 C in 50 ml of Luria-Bertani (LB) 
medium containing ampicillin at a final concentration of 0.1 mg/ml. This 
culture was then used to inoculate I L of LB medium at 37 C until reaching 
an optical density of 0.600. The recombinant protein expression was 
induced by the addition of IPTG (isopropyl ~-tiogalactopyranoside) at 
I mM fmal concentration for 5 hr at 37 C. The cells were harvested by 
centrifugation at 10,000 g for 30 min at 4 C. Protein solubilization was 
carried out by the addition of PBS containing a protease inhibitor cocktail 
and 1% Triton X-100, followed by sonication. Supernatant containing 
recombinant protein was recovered by centrifugation at 10,000 g for 30 min 
at 4 C. Protein purification was carried out by affmity chromatography 
employing a glutathione sepharose 4B resin. Non-retained proteins were 
eluted with PBS and the recombinant protein was eluted by adding 50 units 
of thrombin (Amersham Biosciences) in PBS. All collected fractions were 
analyzed by sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) and protein quantification was carried out by the BCA 
method using bovine serum albumin as a standard. 
ADAD vaccination system and simplified ADAD 
In the ADAD system, the antigen is included in a micelle composed by 
saponins from Qs and either a natural or a chemically synthesized 
immunomodulator as described by (Martinez-Fernandez et aI., 2004). This 
micelle is emulsified in a non-mineral oil (Montanide ISA763A, SEPPIC, 
Paris, France) as a water/oil (30170) emulsion that is subcutaneously 
injected. The hydroaicoholic extract PAL was provided by ASAC 
Pharmaceutical International (Alicante, Spain) and the aliphatic diamine 
immunomodulator AA0029 was synthesized in accordance with del Dlmo 
et al. (2006). The ADAD vaccination system includes a set of 2 sub-
cutaneous injections. The first injection, called "adaptation," contains Qs 
and the immunomodulator (either PAL or AA0029) emulsified in the non-
mineral oil but without rFhl5. The second injection, administered 5 days 
after the adaptation, contains the rFhl5 antigen with Qs and the 
immunomodulator in the emulsion oil. The simplified ADAD (ADADs) 
consists of only I injection with the rFhl5 antigen with Qs and the 
immunomodulator in the emulsion oil, thereby avoiding the "adaptation" 
injection. Individual doses per injection included 600 I1g of PAL, 100 I1g of 
AA0029, 20 I1g of Qs, and 20 I1g of rFhl5 in a final volume of a 200-1ll 
injection of emulsion with the non-mineral oil (Martinez-Fermindez et aI., 
2004; Uribe et aI., 2007). 
Mice immunized using natural immunomodulator (PAL) 
Thirty-one, 6-wk-old female BALB/c mice were used and distributed in 
/Voups as follows: Group AI, uninfected (n = 4); Group A2, F. hepatica 
infected (n = 8); Group A3, immunized with ADAD (PAL-Qs-rFhI5) 
(n = 10); and Group A4, immunized with ADADs (PAL-Qs-rFhI5) (n = 
9). Three weeks after the first immunization, a booster was administered. 
Mice immunized with chemically synthesized 
immunomodulator (AA0029) 
Forty-eight, 6-wk-old female BALB/c mice were used and distributed as 
follows: Group BI, uninfected (n = 4); Group B2, F. hepatica infected (n 
= 10); Group B3, injected with ADAD (AA0029-Qs) (n = 9); Group B4, 
injected with ADADs (AA0029-Qs) (n = 9); Group B5, immunized with 
ADAD (AA0029-Qs-rFhI5) (n = 8); and Group B6, immunized with 
ADADs (AA0029-Qs-rFhI5) (n = 8). Three weeks after the first 
immunization, a booster was administered. 
Challenge 
All animals included in this study, except the uninfected healthy control 
group, were orally infected with 5 F. hepatica metacercariae 2 wk after the 
last immunization. When all the animals belonging to the infection control 
group had died, the surviving experimental animals were killed, the worms 
were recovered from the liver and peritoneal cavity, and hepatic lesions were 
recorded. An experienced pathologist evaluated the liver lesions without 
knowing to which group the livers belonged. The changes in blood vessels, 
bile ducts, size, color, consistency, and presence of wounds on the surface 
were considered. He assigned scores to each of the features: 0 points if no 
lesions were observed, I point if a portion of a lobe was affected, 2 if an 
entire lobe was affected, and 3 if more than I lobe was affected. When the 
sum was 0 points, we assign "No lesions" (-), 1-5 points "Mild" (+), 
6-10 points "Moderate (+)," and 11-16 points "Severe" (+++). 
Humoral immune response 
All the animals were bled before each immunization, before challenge, 
and at 3 wk post-infection (PI). Sera were tested for IgG, IgGI, and IgG2a 
antibody levels, using either F. hepatica excretory-secretory antigen or 
rFhl5 as antigen, as determined by enzyme-linked immunosorbent assay 
(ELISA). Briefly, 96-well ELISA plates were incubated with 0.5 I1g of 
antigen per well and then incubated for 12 hr at 4 C and washed 3 times with 
PBS plus 0.05% Tween®20 (Panreac, Barcelona, Spain). The plates were 
blocked by the addition of 200 III per well of 2% BSA solution for I hr at 
37 C. Mouse sera were incubated at a 1:100 dilution in PBS for I hr at 37 C. 
Anti-mouse IgG, IgGI, and IgG2a, coupled to peroxidase (Sigma), were 
used in a 1:1,000 dilution in PBS and incubated for I hr at 37 C. The 
reaction was developed adding ortho-phenylene-diamine substrate working 
solution and absorbance was measured at 492 nm in an Ear400FT ELISA 
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TABLE 1. Worm recovery and evaluation of the macroscopic hepatic lesions ofBALB/c mice immunized with Fhl5 formulated in the ADAD system, and 
simplified ADAD mode (ADADs) with the natural immunomodulator PAL or with the synthetic immunomodulator AA0029, and infected with 5 
metacercariae of F. hepatica. * 
Worm recovery Number of mice and severity of hepatic lesion Lesion score 
Groups n (Mean ± SD) + ++ +++ (Mean ± SD) 
Immunomodulator PAL 
GAl Uninfected mice 4 4 0 0 0 0.0 ± 0.0 
GA2 Fasciola hepatica infected 8 1.8 ± 1.2 0 0 0 8 15.3 ± 0.9 
GA3 ADAD (PAL-Qs-rFhI5) 8 1.3 ± 0.9 0 2 I 5 8.6 ± 4.3t 
GA4 ADADs (PAL-Qs-rFhI5) 9 1.5 ± 1.0 0 0 0 9 15.1 ± 0.8 
Immunomodulator AA0029 
GBI Uninfected mice 4 4 0 0 0 0.0 ± 0.0 
GB2 F. hepatica infected 8 1.5 ± 0.9 0 0 0 8 15.0 ± 0.8 
GB3 ADAD (AA0029-Qs) 8 1.4 ± 0.6 0 0 0 8 15.4 ± 0.7 
GB4 ADADs (AA0029-Qs) 7 1.6 ± 1.1 0 0 0 7 15.5 ± 0.8 
GB5 ADAD (AA0029-Qs-rFhI5) 6 1.3 ± 0.8 I 0 I 4 8.8 ± 5.0t 
GB6 ADADs (AA0029-Qs-rFhI5) 8 1.4 ± 1.0 0 0 7 13.4 ± 5.4 
• Standard deviation (SD); no lesions (-); mild (+); moderate (++); and severe (+++) lesions. 
t p < 0.05 in comparison with infected control group. 
reader (STL Lab Instruments, Groding, Austria). The results of humoral 
immune response were expressed as the mean of the optical density from all 
the animals of each group plus the standard error of the mean (SEM). 
Cellular immune response 
Cytokine production (TNFex, IFNy, IL-2, IL-4, and IL-5) was measured 
after in vitro specific stimulation of a pool of spleen and peripheral blood 
cells with 2.5 Ilg of Fhl5 (Bosze et aI., 2004) in a FACScalibur Cytometer 
(BD Biosciences, Franklin Lakes, New Jersey) with the BA mouse Thl! 
Th2 cytokine kit (BD) following the manufacturer's instructions. The 
results are expressed as the mean of 2 independent measurements and 
standard deviations for each group. 
Statistical analysis 
The overall differences among groups were compared by an analysis of 
variance (ANOVA) with I coefficient of variation. When overall differences 
were detected, a post-ANOVA test, Fischer's protected least significant 
difference (PLSD) analysis, was applied. All statistical analyses were 
considered significant at the P < 0.05 level. The analyses were performed 
using StatView 5.0 (SAS Institute Inc., Cary, North Carolina) software 
packages for a Macintosh computer. 
RESULTS 
Cloning and expression of the rFh15 protein 
The cloned fragment resulted in a 398-base pair cDNA encoding 
for a 132 amino acid protein. This sequence was compared with 
GenBank accession no. M95291, which characterizes an FABP 
initially identified as rFhl5; an identity greater than 99% was found 
with only a 1 amino acid difference at position 127. Recombinant 
protein expression was carried out in E. coli, resulting in a soluble 
protein with a molecular weight of 15 kDa, as assessed by SDS-
PAGE; a yield of 0.15 mg/L of cell culture was obtained. 
Protection against F. hepatica infection using rFh15 
formulated in both ADAD and ADADs with the natural 
immunomodulator PAL 
The mouse sera obtained 3 wk after the challenge were used for 
anti-F. hepatica excretory-secretory antibody detection by ELISA. 
Two mice belonging to Group A3 ADAD (PAL-Qs-rFhI5) and 
1 mouse belonging to Group A4 ADADs (PAL-Qs-rFhI5) were 
negative by ELISA and not properly infected; therefore, those 
3 were excluded from the experiment. In the same way, it 
was confirmed that all mice were properly immunized with the 
recombinant rFh15 antigen before challenge (Fig. 1). 
Protection against experimental challenge was measured and 
the results expressed in survival curves (Fig. 2). Mice belonging 
to the uninfected group exhibited 100% survival while all mice 
of the infection control group died between days 26 and 37 post-
challenge. In total, 40% survived (P < 0.05) in the group of 
mice vaccinated with rFh15 formulated in ADAD (Group A3) 
while only 11% survived in mice vaccinated with rFh15 for-
mulated in ADADs (Group A4). Mice vaccinated with the 
recombinant antigen formulated in ADAD revealed signifi-
cantly fewer hepatic lesions when compared with infection 
control (P < 0.05), but this was not the case in those vaccinated 
with rFh15 formulated in ADADs (Table I). The reductions in 
worm recovery were not statistically significant in ADAD- or 
ADADs-vaccinated mice in comparison with infection controls 
(Table I). 
Protection against F. hepatica infection using rFh15 
formulated in both ADAD and ADADs with the synthetic 
immunomodulator AA0029 
The ELISA assay was used to verify both the infection of the mice 
at the third week and their immunization with rFh15 before 
infection. One mouse belonging to Group B3, 2 belonging to Group 
4, and 1 from Group 5 were not properly infected. Moreover, 1 
mouse included in Group B6 was not properly immunized with 
rFh15 (Fig. 3). Mice lacking antibodies, as determined by ELISA at 
3 wk of infection, were also excluded from the experiment. 
Mice belonging to the healthy group exhibited 100% survival 
while all the mice of the infection control group died between days 
29 and 34 post-challenge. Mice immunized with rFh15 in ADAD 
(Group B5) revealed 50% protection, in terms of survival (P < 
0.05), while those immunized with ADADs (Group B6) showed 
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FIGURE 3. Serum IgG antibody level detection by ELISA (mean ± SEM) of BALB/c mice vaccinated with rFhl5 formulated in the adjuvant 
adaptation system (ADAD), and the simplified ADAD mode (ADADs) with the synthesis immunomodulator AA0029, and challenged with 5 
metacercariae of F. hepatica. (A) Using excretory-secretory F. hepatica antigen at the third week PI. (B) Using rFhl5 protein before challenge. Non-
significant specific antibodies against ESFh (A) or rFhl5 (B) in comparison with uninfected group are represented in white. 
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13% survival. In the adjuvant control mice, 13-14% survived 
(Fig. 4). Moreover, hepatic lesions were fewer in ADAD-
vaccinated mice than in infection controls (P < 0.05) but were 
not fewer in those vaccinated with ADADs (Table I). In surviving 
vaccinated mice, the reductions in worm recovery were similar 
and not statistically different in ADAD- or ADADs-vaccinated 
mice compared with infected or adjuvant controls (Table I). 
Comparison of the immune response in mice immunized 
with rFh15 ADAD versus ADADs 
Humoral immune responses measured using the E-S antigen of F. 
hepatica at the third week PI showed that IgG levels were significantly 
increased in infected mice in comparison with uninfected ones, but 
there were no differences between ADAD- and ADADs-immunized 
mice using PAL or AA0029 (Figs. 1,3). The levels ofIgGi in mice 
infected and vaccinated with the ADAD system were higher than for 
the uninfected group but were not statistically different. In contrast, 
mice vaccinated with ADADs, PAL, or AA0029 possessed higher 
levels of IgG 1 compared with the uninfected mice and animals 
vaccinated with ADAD (PAL-Qs-rFhI5) or ADAD (AAOO29-Qs-
rFhl5) (P < 0.05) (Fig. 5). Finally, only mice vaccinated with ADAD 
(PAL-Qs-rFhI5) had significantly higher levels of IgG2a as 
compared with uninfected mice and those vaccinated with ADADs 
(PAL-Qs-rFhI5) (Fig. 5). 
Cellular immune response was studied by determination of IL-4 
and IFNy levels in the supernatant of splenocytes and peripheral 
blood cell cultures (Fig. 6). Mice immunized with ADADs 
(AA0029-Qs-rFhI5) revealed an increase in IL-4 levels in 
peripheral blood cell cultures while mice immunized with ADAD 
(AA0029-Qs-rFhI5) exhibited an important increase of IFNy 
measured in splenocyte cultures. 
DISCUSSION 
Fasciola hepatica rFh15 protein has been described previously, 
. and its importance as a vaccine candidate has been demonstrated 
in various fascioliasis experimental models (Hillyer, 2005). This 
group of proteins has also been described in other trematodes 
such as F. gigantica (Raina et aI., 2004), Schistosoma mansoni 
(Tendler et aI., 1996), and S. japonicum (Kennedy et aI., 2000). In 
S. mansoni, the antigen was identified as Sm14 and possesses a 
44% amino acid sequence similarity with F. hepatica rFhl5; it also 
has efficacy as a vaccine candidate against fascioliasis (Hillyer, 
2005). The recombinant protein obtained in the present study 
revealed an amino acid sequence identity greater than 99% when 
compared with the sequence of rFhI5 described by Rodriguez-
Perez et al. (1992), i.e., only 1 amino acid difference at position 
127 where a threonine is replaced by a histidine. This difference 
does not affect the putative T and B epitopes amino acid 
sequences described by Muro et al. (2007). We cannot conclude if 
this is an rFh15 isoform or if it was due to an error in the PCR 
reaction. 
The ADAD vaccination system was proposed by Martinez-
Fernandez et al. (2004). Here, we evaluated differences in immune 
response and protective efficacy of rFh15 in mice when the 
adaptation dose is suppressed with 2 immunomodulators, 1 of 
them natural PAL and the other chemically synthesized AA0029. 
The latter exhibited low toxicity, lymphocyte proliferation inhibi-
tion, delayed type hypersensitivity, modulation, and nitric oxide 
production in LPS-stimulated macrophages (del Olmo et aI., 2006), 
which justified the use of the compound in the present study. 
In terms of survival against fascioliasis, the protection results 
obtained with rFh15 formulated in ADAD with PAL or AAOO29 
was 40 and 50%, respectively. These results are comparable to those 
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FIGURE 5. Detection of IgGI- and IgG2a-specific antibodies (mean ± SEM) in sera of BALB/c of BALB/c mice vaccinated with rFhl5 in the 
adjuvant adaptation system (ADAD), and the simplified ADAD mode (ADADs), and challenged with 5 metacercariae of F. hepatica. (A) Using the 
natural immunomodulator PAL. (B) Using the synthetic immunomodulator AA0029. *p < 0.05 in comparison with uninfected control group. 
using the native FhI2 and the recombinant rFhlS prepared at UPR, 
described in Martinez-Fernandez et ai. (2004) and L6pez-Ablin, 
Casanueva et ai. (2007). Using the simplified mode of ADAD 
system (ADADs), survivals were 11 and 13% with PAL and 
AA0029, respectively. Hepatic damage evaluation indicated that the 
mice immunized with rFhlS formulated in the ADAD possessed 
fewer lesions when compared with those immunized with rFhlS 
using the ADADs vaccination procedure when either natural or 
chemically synthesized immunomodulators were employed. Reduc-
tions of recovered worms in vaccinated mice with ADAD using 
both immunomodulators are small and not statistically different, as 
in previous studies (L6pez-Aban et ai., 200S). 
The recombinant rFhlS induced a high IgG response against 
rFhlS 2 wk post-immunization in all mice vaccinated with ADAD 
or ADADs and with both immunomodulators. In addition, all 
infected mice showed high IgG levels, used as an indicator of F. 
hepatica infection, at the third week PI; there were no significant 
differences among the various groups. We found the highest levels of 
IgG I against ESFh antigen in ADADs vaccinated with PAL, as well 
as with AAOO29, that produced no protection. Only the group 
vaccinated with ADAD (P AL-Qs-r Fh IS), showing 40% survival and 
reduction in liver lesions, produced significantly higher levels of 
IgG2a. This contrasted with ADAD (AA0029-Qs-rFhlS)-vaccinated 
mice that exhibited SO% survival and reduction ofliver lesions but did 
not show an appreciable increase in IgG2a levels. We did not observe 
any relationship between worm burdens and immunoglobulin levels. 
Cellular immune response was estimated by measuring IL-4 
and IFNy levels in peripheral blood cells and splenocyte cultures. 
We found the highest IL-4 levels in peripheral blood cell cultures 
of mice vaccinated with the simplified ADADs (AA0029-Qs-
rFh1S). The highest levels of IFNy were found in splenocyte 
cultures of mice vaccinated with ADAD (AA0029-Qs-rFhIS). 
These results indicate that a down-regulation of Th2 response is 
involved in protection against fascioliasis. It has been shown that 
Thl responses in F. hepatica infection are weak during the first 
stage; however, in rats there is an increase of IFNy levels at this 
stage (Cervi et ai., 2001). Later studies found high levels of both 
IL-4 and IL-IO in cattle, rats, and mice, suggesting that F. 
hepatica induces a characteristic predominant Th2 response (Tliba 
et ai., 2002; Flynn and Mulcahy, 2008; Hamilton et ai., 2009). 
Also, F. hepatica infection or the administration of excretory-
secretory antigens can suppress the Th1 response and induce 
immunosupression (Moreau et ai., 1998; O'Neill et ai., 2001). 
The present study shows that a new synthetic immunomodu-
lator, with an appropriate recombinant antigen (rFhIS) with the 
ADAD system, results in significant levels of protection in mice to 
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challenge infection with F. hepatica. Deletion of the adaptation 
phase of the ADAD system (ADADs) cancels this protection. 
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THE EFFECT OF SALINITY ON EXPERIMENTAL INFECTIONS OF A HEMATODINIUMSP.IN 
BLUE CRABS, CALLINECTES SAPIDUS 
Anna H. Coffey, Caiwen Li, and Jeffrey D. Shields* 
Department of Environmental and Aquatic Animal Health, Virginia Institute of Marine Science, College of William and Mary School of Marine 
Science, Gloucester Point, Virginia 23062. e-mail: jeff@vims.edu 
ABSTRACT: The parasitic dinoflagellate Hematodiniwn sp. parasitizes blue crabs along the Atlantic seaboard of the United States. 
Infections in blue crabs have only been reported from waters where salinity is > II practical salinity units (psu). Blue crabs maintain a 
hyperosmotic internal concentration at low salinities (0--5 psu), roughly comparable to 24 psu, and should be capable of maintaining an 
infection in low-salinity waters even if Hematodiniwn spp. cells are intolerant oflow salinities. We tested this notion by observing the 
effect oflow salinity on the progression of disease in crabs experimentally infected with the parasite. Blue crabs were acclimated to 5 psu 
or 30 psu salinity treatments. They were inoculated with Hematodiniwn sp. and necropsied 3, 7, 10, and 15 days post-inoculation. The 
low-salinity treatment did not have an effect on the proliferation of Hematodinium sp. infections in blue crabs; moreover, a greater 
proportion of infections in crabs in the low-salinity treatment developed dinospore stages than did those in the high-salinity treatment, 
indicating that salinity may affect the development of the parasite. However, dinospores from in vitro cultures rapidly became inactive 
when held in salinities <IS psu. Our experiments indicate that Hematodiniwn spp. can develop in blue crabs at low salinities, but that 
the parasite is incapable of transmission in this environment, which explains the lack of natural infections in crabs at low salinities. 
Hematodinium spp. are an important pathogen of several 
commercially important marine crustaceans including the blue 
crab, Callinectes sapidus. In embayments on the Delmarva 
Peninsula, prevalence of the parasite in blue crab populations 
has approached 100% (Messick, 1994; Messick and Shields, 2000). 
Infected animals show signs of hemocytopenia and increased 
mortality in the laboratory (Shields and Squyars, 2000), 
suggesting that this parasite has the potential to seriously impact 
infected blue crab populations. Mortality of >86% has been 
reported in naturally and experimentally infected crabs (Messick 
and Shields, 2000; Shields and Squyars, 2000). 
Blue crabs migrate extensively in relation to ontogenetic 
development in their life cycle. Mating typically occurs in 
mesohaline waters, with mature female blue crabs migrating to 
higher salinities to spawn (Tankersley et aI., 1998), and larvae 
require high salinities (>20 psu) to hatch properly and survive 
(Van Engel, 1958; Costlow and Bookhout, 1959). Zoeae hatch 
and migrate to oceanic waters, undergo several molts, then 
migrate back into estuaries as megalopae, where they metamor-
phose into juveniles which migrate further into brackish waters 
within an estuary and its tributaries (Van Engel, 1958). Because 
of these extensive migrations, the blue crab is an exceptional 
osmoregulator and is capable of maintaining an internal 
osmolality that is highly hyperosmotic to its environment (Lynch 
et aI., 1973; Mangum and Towle, 1977). For example, a crab held 
in an environment at 5 psu has a serum osmolality equivalent to 
about 20 to 23 psu (Lynch et aI., 1973). 
Low salinities apparently limit where Hematodinium spp. 
infections are found (Newman and Johnson, 1975; Messick and 
Shields, 2000). Despite the presence of blue crabs throughout a 
range of salinities (0-45 psu) , there have been no reports of 
Hematodinium spp. infections occurring in blue crabs in areas at 
<11 psu, and reports <18 psu are rare (Newman and Johnson, 
1975; Messick and Shields, 2000). The reason behind this finding 
has not been well examined, but suggests either that a 
Hematodinium sp. cannot develop in crabs living at low salinities 
or it is not transmitted to new hosts living at low salinities. Given 
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that crabs at low salinities have an osmolality equivalent to 20-
23 psu, and that infections are known to occur at that equivalent 
salinity, then a blue crab infected with a Hematodinium sp. should 
be able to sustain the infection upon reaching a low-salinity 
environment. 
The life cycle of a Hematodinium sp. in the blue crab has only 
recently been described in vitro (Li et aI., 2012). Early infections 
are characterized by a filamentous trophont (vermiform plasmo-
dia) stage in the hemolymph followed by a vegetative ameboid 
trophont, large multinucleate clump colonies, and then a 
transformative prespore that develops into a free-swimming 
dinospore stage (Shields and Squyars, 2000; Li et aI., 2012). The 
free-swimming dinospore stage may be involved in transmission 
of the parasite (Stentiford and Shields, 2005; Frischer et aI., 2006; 
Li et aI., 2010). The dinospore stage in other species of parasitic 
marine dinoflagellates is widely accepted as the infective stage 
(Coats, 1999). Dinospores of Hematodinium spp. have been 
observed exiting other crustacean hosts in mass sporulation 
episodes through the gills (for review, see Stentiford and Shields, 
2005). If the dinospore is the primary transmissive stage for a 
Hematodinium sp., then the lack of reported infections at low 
salinities may be due to an intolerance of the dinospore stage to 
low salinities. 
The goal of the present study was to understand how salinity 
affects the development and progression of infection in blue crabs 
experimentally infected with a Hematodinium sp. The primary 
objective was to determine if infections progressed normally in 
blue crab hosts held in a low-salinity treatment compared to those 
held in a high-salinity treatment. A secondary objective was to 
examine whether there were differences in several hemolymph 
parameters in relation to infections in animals held at low versus 
high salinities. 
MATERIALS AND METHODS 
Animal collection and maintenance 
Crabs were collected in commercial crab pots from creeks around 
Wachapreague (37°37'32.0S"N, 75°40'42. 14"W), Virginia in May 2010 and 
transported in coolers to the Virginia Institute of Marine Science at 
Gloucester Point, Virginia. The crabs were placed in flow-through tanks 
containing York River water at ambient salinity (-24-26 psu) and 
temperature for 24 hr. Forty animals were placed into each of 2 
recirculating systems fitted with individual aquaria and heat exchangers. 
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The systems contained artificial seawater (ASW) at 26 ± 2 psu and 15 C, 
and each had a separate biofilter system. An additional 15 animals were 
placed in prepared static glass aquaria that contained ASW at 26 ± 2 psu 
and 22 ± I C. All animals were fed chopped, thawed squid 3 times a week. 
Animals were acclimated to treatment salinities (5 psu and 30 psu) by 
adjusting the salinity in the recirculating systems and static tanks by no 
more than 5 psu per day. The temperature in the recirculating systems was 
gradually raised 1-2 C per day, until both systems were at 20 C, during 
this acclimation period. Salinity was held constant once the target salinity 
was reached, and animals were maintained at a steady salinity for 7 days 
prior to inoculation. Temperature was held constant at 20 C in the 
recirculating aquaria throughout the experiment; however, the tempera-
ture in the static aquaria fluctuated between 20-24 C. Water quality 
(ammonia, nitrate, nitrite, phosphate, pH, salinity, temperature) was 
monitored and water changes were performed twice weekly to maintain 
appropriate water quality parameters. 
Inoculum preparation 
The inoculum was prepared following the method described in Shields 
and Squyars (2000). Hemolymph was drawn from 2 donor crabs naturally 
infected with Hematodinium sp., with moderate to heavy infections in the 
ameboid trophont stage. The raw hemolymph was diluted with 10 ml 
MAM buffer (a physiological saline for decapods consisting of NaCI, 
19.31 giL; KCI 0.65 giL; CaCh·2H20 1.38 gIL; MgS04·7H20 1.73 giL; 
Na2S04 0.38 giL; HEPES 0.82 giL) adjusted to pH 7.8 with added glucose 
(1.0 mrml) modified from Appleton and Vickerman (1998) separately in 
25-cm polystyrene culture flasks and placed on ice. The mixtures were 
transferred into sterile 15-ml polystyrene centrifuge tubes, centrifuged at 
2,350 ref at 4 C for 10 min, and the supernatant was decanted with a 
pipette. The culture flasks were rinsed with 5 ml MAM buffer, transferred 
to centrifuge tubes, centrifuged, and decanted as above. The contents of all 
centrifuged tubes were combined and centrifuged again, and parasite 
suspensions were counted with a hemacytometer (Neubauer Brightline, 
American Optical, Buffalo, New York). Due to some clotting in the 
inoculum, hemolymph was drawn a second time from the same 2 donor 
crabs. These samples were centrifuged and washed as described above, 
then combined with the primary inoculum. Parasite cells were counted 
with the resulting inoculum having an estimated 1 X 106 parasites/ml, or I 
X 105 parasites/dose. The inoculum was placed on ice and used 
immediately. 
Animal processing and inoculation 
Animals were individually transported from aquaria to the processing 
room in buckets fitted with portable air pumps and partially filled with 
ASW at the appropriate treatment salinity. Carapace width was measured 
and the general external condition of each crab was assessed. Approxi-
mately 300 111 of hemolymph was drawn from the juncture of the basis and 
ischium of the fifth walking leg of each animal using a 27-ga needle on a 
I-ml syringe. Aliquots of 100 I!l of hemolymph were fixed in a 10: I dilution 
with MAM buffer and 5% sodium cacodylate in an Eppendorf tube and 
refrigerated. A 100-1!l sample of hemolymph was also stored at -80 C in an 
Eppendorftube for later measurement of osmolality and hemolymph serum 
proteins (HSP). Several drops of hemolymph were used immediately to 
prepare a hemolymph smear with neutral red (0.3% in lobster saline, 
modified from Appleton and Vickerman [1998], MAM) to screen each crab 
for existing Hematodinium sp. infections or other pathogens. Naturally 
infected animals were replaced with uninfected individuals that had been 
acclimated as above in the sumps of the recirculating systems. Several drops 
of the remaining hemolymph were dotted onto marine agar (Difco, 
Franklin Lakes, New Jersey) to screen for bacterial infections. The agar 
plates were examined after 24 and 48 hr, and the presence or absence of 
bacteria in the hemolymph was recorded for each animal. 
Crabs in the experimental treatments were injected with 100 I!l of the 
prepared Hematodinium sp. inoculum at a dose of 1 X 105 parasites per 
individual. Control animals were given a sham inoculation of 100 111 of 
MAM buffer. The inoculation site was wiped with 70% ethanol before 
taking hemolymph samples and before and after the inoculation. Animals 
were then immediately returned to aquaria. 
Each animal was randomly assigned a treatment (control or experi-
mental) and a day of necropsy prior to the experiment. Assignment to 
salinity treatments (5 psu and 30 psu) was random. Animals were 
necropsied at 3, 7, 10, and 15 days post-inoculation (PI), with 5 exposed 
animals from each salinity treatment killed and examined for infection on 
each necropsy day. On day 3, 5 control animals were necropsied and on 
day 15,4 and 3 control animals were necropsied from the 5 psu and 30 psu 
treatments, respectively. The smaller sample sizes from the control groups 
on day 15 were due to the loss of animals from natural mortality during 
the experiment. After 15 days, 4 inoculated animals (I at high salinity, 3 at 
low salinity) were maintained to observe disease progression beyond 
15 days. Due to the small sample size, these animals were excluded from 
the analyses. 
Hemolymph and tissues (heart, epidermis, midgut, backfin muscle, 
hepatopancreas, and gills) were collected at the time of death for all 
animals. Tissues were preserved in Bouin's fixative for at least 48 hr, rinsed 
in tap water, and stored in 70% ethanol. Gills were decalcified using the 
formic acid-sodium citrate method and all tissues were processed through 
paraffin histology techniques and stained with Mayer's hematoxylin and 
with eosin (Luna, 1968). Slides were examined and infection status, life 
stage, and intensity were assessed for each tissue type. Assessment of 
infection intensity in the tissues was semi-quantitative with 3 levels: light 
(1-5 parasite cells per field visible at X40), moderate (5-20 parasite cells 
visible at X40), and heavy (>20 parasite cells visible at X40). 
Hemolymph samples collected at the time of necropsy were preserved as 
described above. Hemolymph smears were examined with 0.3% neutral 
red to determine infection status at the time of necropsy. Aliquots of 
hemolymph samples fixed in MAM buffer and 5% (v/v) sodium 
cacodylate were mixed in a 1:1 dilution with 0.3% Janus green stain and 
loaded onto a hemacytometer. Hemocytes and parasite cells were counted 
twice for most animals, and 3 counts were taken for samples that had 
more than a 10% difference between the first 2 counts. Cell densities were 
calculated from the average of all counts. Serum osmolality was measured 
with a vapor pressure osmometer. Serum protein was measured using a 
hand-held veterinary refractometer. 
The programs R (http://www.r-project.org/) and Minitab (Minitab, Inc., 
State College, Pennsylvania) were used to perform chi square, ANOV A, 
and other statistical analyses. Several 3-way ANOV As were used to 
analyze hemolymph parameters in relation to salinity and infection status. 
These were Parameter = Sample Date + Salinity + Infection Status. The 
sample date refers to the number of days PI or to day 0 for the initial 
samples. Infection status refers to the following categories: infected, 
uninfected, and control animals. Due to the high level of variability in 
some of the hemolymph parameters, total hemocyte count (THC) and 
parasite density were log-transformed and serum protein levels were 
square root-transformed for the analyses. 
Hematodinium sp. in culture 
Primary cultures of Hematodinium sp. were initiated as in Li et al. (2011). 
Blue crab serum was used to augment the culture medium. To make serum, 
hemolymph collected from male or female adult crabs was allowed to clot 
on ice and was then homogenized with an electronic homogenizer. The 
supernatant was carefully removed with a pipette and centrifuged at 
1,300 ref for 30 min (7 C) to remove cellular debris. Crab serum was filtered 
through a 0.45-1!ID filter, aliquoted into smaller sterile tubes, and stored at 
-20 C. To make the culture medium, 5% (v/v) of blue crab serum and 10% 
(v/v) heat-inactivated fetal bovine serum (Sigma Aldrich, St. Louis, 
Missouri) were added to the balanced Nephrops saline (NaCI 27.99 giL, 
KCI 0.95 giL, CaCh 2.014 gIL, MgS04 2.465 giL, Na2S04 0.554 giL, 
HEPES 1.92 giL, pH 7.8) (Appleton and Vickerman, 1998). Additionally, 
penicillin (l00 IU ml- 1) and streptomycin (100 I1g ml- 1) were added to 
minimize potential bacterial contamination. Media were sterilized through 
Nalgene® disposable filters (pore size = 0.20 I!ID) (Fisher Scientific, 
Pittsburg, Pennsylvania). 
Hematodinium sp. cells were isolated from host hemolymph of blue 
crabs as in Li et al. (2011). Approximately 0.5 to 1.0 ml of infected 
hemolymph was added to 10 ml of culture medium, gently mixed in a 
sterile 25-cm2 tissue culture flask, then incubated for 20 min at 23 C. 
Suspensions of parasites were then transferred into sterile culture flasks 
and incubated at 23 C for another 20 min. The parasite suspensions were 
again transferred into a new culture flask preloaded with the appropriate 
volume of media (with final volume of 10 ml in each flask). Cultures were 
kept in a biosafety II cabinet or an incubator (23 C). Fifty percent of the 
media was refreshed once a week thereafter. Cultures were examined twice 
a week with an inverted microscope. 
538 THE JOURNAL OF PARASITOLOGY, VOL 98, NO, 3, JUNE 2012 
7.50 
~ 
E 7.00 
!il 
2.i 6.50 
o 
..-
g> 6.00 
:::::-
u 
~ 5.50 
5.00 
7.50 
:::J E 7.00 
!il 
2.i 6.50 
o 
..-
g> 6.00 
:::::-
U 
I 5.50 
I-
A 5 psu 
- - - -}- -:.:::---=·:1.::-.::::----- ----- J 
-- --------f--- - - - :::'-"" 1 
o 3 7 10 15 
Time (Days Post-Inoculation) 
B 30 psu 
--Infected 
---Control 
------- Uninfected 
5.00 +----,----.-----...----...-----, 
o 3 7 10 15 
Time (Days Post-Inoculation) 
FIGURE 1. Mean total hemocyte counts (lOglO THC) in blue crabs 
experimentally infected with Hematodinium sp. and held at 2 salinities. 
Sham-inoculated controls are indicated by the dashed line (control). 
Experimentally infected crabs are indicated by the solid line (infected). 
Experimentally inoculated crabs that did not obtain infections are 
indicated by the dotted line (uninfected). Bars are 1 standard error (SE). 
Three isolates of Hematodinium successfully sporulated in vitro, 
generating massive numbers of dinospores. To examine the survival of 
dinospores under different salinities, dinospores were collected separately 
from 2 of those cultures and concentrated to ~ 106 cells/m!. Aliquots of 
O.S ml of dinospore suspensions were transferred into culture wells 
preloaded with I ml sterilized water at salinities of 3S, 30, 2S, 20, IS, and 
10 psu (4 replicates per treatment in a 24-well tissue culture plate), 
respectively. The plates were incubated in a biosafety II cabinet at room 
temperature (~23 C). Cultures were examined daily with an inverted 
microscope. Images were taken with a digital camera to assess activity of 
dinospores over time. Motile dinospores were counted and reported as a 
percentage of the total number of dinospores in the field. 
RESULTS 
Hematodinium sp. infections developed in inoculated crabs, and 
the proportions of crabs that became infected were similar 
between both salinity treatments (X2 = 0.575, df = 1, P = 0.448). 
In the high-salinity treatment (30 psu), 33.3% of the inoculated 
animals developed infections and in the low-salinity treatment 
(5 psu), 38.9% of the inoculated crabs became infected. For the 
analyses, inoculated crabs that did not develop histologically 
observable infections were categorized as exposed but uninfected. 
Fifty-two percent of the crabs used in the experiment were 
positive for bacteria in the hemolymph. The presence of bacteria 
in the hemolymph prior to inoculation did not affect crab survival 
(X2 = 0.153, df = 1, P = 0.696), nor did it affect the susceptibility 
of crabs to infection with Hematodinium (X2 = 0.651, df = I, 
P = 0.420). 
Two hemolymph parameters were analyzed separately for crabs 
that died prior to their necropsy date. The THCs decreased 
significantly post-mortem (t = ~6.69, df = 19, P < 0.01); 
therefore, animals that died naturally during the experiment were 
excluded from further statistical analysis involving this parameter. 
Levels of HSPs were unaffected by recent post-mortem change 
(t = ~0.58, df = 15, P = 0.570). 
THCs from infected animals showed modest, but significant, 
decreases from controls. Initial samples showed that all animals 
had similar THC values prior to treatment (3-way ANOY A, F = 
0.365, df = 87, P = 0.779). As infections developed, infected 
animals had significant decreases in THC compared to control 
animals (3-way ANOYA, df = 55, F = 6.241, P < 0.01). THC was 
not statistically different in infected crabs held at different 
salinities (Fig. 1; 3-way ANOY A, F = 6.241, df = 53, P = 
0.450), nor was there an interaction between salinity and infection 
status (3-way ANOYA, df = 53, F = 4.717, P = 0.844). However, 
the mean THC of infected animals in the low-salinity treat-
ment was consistently lower than those of the uninfected and 
control crabs from day 7 to day 15 (Fig. 1) (3-way ANOYA, df = 26, 
F = 5.392, P = 0.009). In the high-salinity treatment, there was no 
difference in the mean THC of the infected crabs compared to the 
control crabs (3-way ANOYA, df = 19, F = 1.79, P = 0.168). 
HSP levels did not show significant changes with infection. 
Serum protein levels were similar in all animals prior to 
inoculation (3-way ANOY A, df = 81, F = 1.973, P = 0.125) 
but they were highly variable among all control, infected, and 
uninfected animals (Fig. 2). Mean serum protein levels were not 
significantly affected by infection status (Fig. 2; 3-way ANOY A, 
df = 61, F = 2.553, P = 0.059) nor by salinity treatment (3-way 
ANOYA, df = 61, F = 2.553, P = 0.452), nor was there a 
significant interaction term. The high serum protein levels in these 
animals could not be explained by sex or molt status; thus, they 
were included in the analyses. Hemolymph osmolality showed an 
expected difference between salinity treatments (3-way ANOY A, 
df = 60, F = 9.69, P < 0.01), but there was no significant 
difference in hemolymph osmolality based on infection status 
(3-way ANOYA, df = 30, F = 2.079, P = 0.138). 
Parasite density was not different between salinity treatments 
(Fig. 3; 2-way ANOY A, df = 17, F = 0.390, P = 0.683); however, 
mean parasite densities in the animals from the high-salinity 
treatment had larger standard errors than those from the lower 
salinity treatment. In the histological assessment, the relative 
parasite intensity did not differ between the salinity treatments (l = 1.206, df = 2, P = 0.547). 
Histological assessments 
Infected animals in both salinity treatments developed similar 
intensities of infection (Fig. 4). However, a greater proportion of 
animals in the low-salinity treatment developed prespore and 
dinospore stages compared to animals in the high-salinity 
treatment (Fig. 5; Fisher's exact test, P = 0.078). Several animals 
in the low-salinity treatment developed moderate to heavy levels 
of prespore and dinospore cells, apparent in the hemolymph and 
other tissues, in a relatively short time period (5~6 days). Initially, 
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FIGURE 2. Mean serum protein levels (square root-transformed, 
g/IOO ml) in blue crabs experimentally infected with Hematodinium and 
held in 2 salinity treatments. Sham-inoculated controls are indicated by 
the dashed line. Experimentally infected animals are indicated by the solid 
line. Experimentally inoculated animals that did not obtain infections are 
indicated by the dotted line. Bars are SE. 
the majority of these infections were mistaken for ameboid 
trophont infections due to the ameboid-like movements of the 
parasite cells in the hemolymph smears (Fig. 6). However, the 
parasite cells present in the preserved hemolymph and histological 
sections exhibited the keel-like shape and nuclear staining pattern 
(black appearance in hematoxylin and eosin due to densely 
packed chromatin) characteristic of Hematodinium dinospores 
(Fig. 7). Six crabs from the low-salinity treatment and 1 from the 
high-salinity treatment had prespores or dinospores present in 
their tissues at the time of death, which ranged from days 5 to 18. 
Although the concentrations of prespores and dinospores were 
relatively high in some of these animals, sporulation episodes were 
not observed in aquaria. Additionally, there were no obvious 
signs of tissue destruction in histological sections of the gills, 
which would indicate a release of parasite cells into the 
environment. 
One control animal in the high-salinity treatment died naturally 
on day I of the experiment and was excluded from the analyses. 
This animal had a very light plasmodial infection of Hematodi-
nium sp. in the heart, hepatopancreas, muscle, and epidermal 
tissues upon histological examination. This infection was so light 
that it was undetectable in the initial, and final, hemolymph 
smears. The infected control animal indicates a background 
natural infection prevalence of 4% in the animals used in this 
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experiment. No other control animals were found with parasite 
cells in hemolymph smears or histological preparations. 
Parasite intensity was similar in hemolymph smears when 
compared to tissue samples. Typically, the infections that were 
not apparent in the hemolymph had a very low density in the 
tissues. Nine experimental crabs had infections that were 
undetectable in the hemolymph; 4 from the low-salinity and 5 
from the high-salinity treatments. All 9 of these were light 
infections in the tissues and were found on day 7, or later, of the 
experiment. Although some of these infections were found only in 
the heart, others had parasite cells in the muscle, epidermis, and 
gill tissues. All of the infections that were undetectable in the 
hemolymph were in the plasmodia stage, and 2 of the infected 
crabs also had ameboid trophonts present in the tissues. Two 
animals recorded as having light to moderate densities of 
Hematodinium sp. ameboid cells in the hemolymph did not have 
visible parasites in their tissues. One of these animals died 
naturally and the tissues were in poor condition; it is possible the 
parasite was present in the tissues but undetectable. It is unclear 
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FIGURE 4. Proportion of blue crabs experimentally infected with 
Hematodinium sp. that developed light, moderate, or heavy infections in 2 
salinity treatments. 
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why the parasites were not visible in the tissues of the other crabs; 
perhaps examination of additional tissue would have facilitated 
the diagnosis. 
Dinospores in culture 
Salinity treatments had a profound effect on dinospore 
motility, Dinospores in the lO-psu treatment lost their motility 
within a few hours of exposure to that salinity, and there were no 
active dinospores after 24 hr at 10 psu. Dinospores in the 15- and 
20-psu treatments showed a steeper decline in motility than did 
those at higher salinities, with those at 15 psu ceasing all motility 
within 48 hI. Dinospores in the 25, 30, and 35-psu treatments 
demonstrated a gradual decline in activity over the 6-day 
observation period (Fig. 8), which was consistent with previous 
observations made in the laboratory. 
FIGURE 6. Ameboid cells of Hematodinium sp. stained with neutral 
red. The parasites exhibited ameboid-like movements in the hemolymph of 
an experimentally infected blue crab 5 days post-inoculation. Bar = 50 11m. 
FIGURE 7. Dinospores (arrows) of Hematodinium sp. in the hemal 
sinus of the hepatopancreas in an experimentally infected blue crab 5 days 
post-inoculation. Note the small, compact nucleus in individual dinos-
pores. Trophic stages have a larger nucleus in the dinokaryon state. Bar = 
50 11m. 
DISCUSSION 
We show that low salinity has no significant effect on the 
proliferation of Hematodinium spp. in experimentally infected 
blue crabs. Similar proportions of inoculated crabs became 
infected in both salinity treatments, and the Hematodinium sp. 
in crabs from both salinities exhibited similar growth, However, 
there were some differences in the development of the Hemato-
dinium sp. between salinity treatments. An important finding was 
the rapid development of Hematodinium sp. inoculations into 
prespore and dinospore stages, especially in hosts in the low-
salinity treatment. Dinospores have been implicated as the 
transmissive stage of infection in the host and reportedly develop 
after a longer infection period (Shields and Squyars, 2000; 
Stentiford and Shields, 2005; Frischer et aI., 2006). Moreover, a 
larger proportion of infected crabs in the low-salinity treatment 
developed prespore and dinospore stages than did those in the 
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6 days. Bars are SE. Each point represents 12 replicates. 
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high-salinity treatment. This is relevant because it indicates a 
potential change in the development of Hematodinium spp. life 
stages in hosts moving into low salinities. 
We originally hypothesized that Hematodinium spp. infections 
would develop at a more rapid rate in a low-salinity environment 
due to the additional physiological demand of osmoregulation 
imposed upon the host (Findley et aI., 1981; Sabourin, 1984). 
However, many of the signs of host stress associated with low 
salinity, i.e., increased heart rate, decreased oxygen content of the 
hemolymph, and lowered oxygen affinity of the hemolymph do 
not last more than 4 days after acclimation to low salinity 
(Sabourin, 1984). We included a 7-day acclimation period; thus, it 
is unlikely that host stress imposed by an increased osmoregula-
tory rate would have been a factor in the development of 
Hematodinium sp. infections. Salinity did not have a significant 
effect on total hemocyte counts or hemolymph protein levels, but 
the rapid development of prespore and dinospore stages in the 
crabs held in the low-salinity treatment likely indicates a response 
of the parasite to the internal conditions of the hyper-
osmoregulating host. 
Infections developed rapidly in intensity in the experimentally 
inoculated crabs. Two animals in the high-salinity treatment 
exhibited a rapid proliferation of ameboid trophonts in 3 days. 
This was an unexpected finding because moderate to heavy 
infections are thought to develop over 14-30 days (Shields and 
Squyars, 2000). However, it is not the first report of such rapid 
proliferation of Hematodinium spp. cells, as Frischer et ai. (2006) 
and Walker et ai. (2009) reported that crabs obtained, and 
developed, fatal infections within 4 days of exposure to the 
parasite. It is possible that the hosts that exhibited such rapid 
development or proliferation were more susceptible to infection or 
compromised in some way, thereby facilitating reproduction by 
the parasite. 
The distribution and prevalence of Hematodinium spp. infec-
tions in blue crabs are related to salinity. Infected blue crabs have 
not been reported from waters with salinities less than 11 psu and 
rarely in waters less than 18 psu (Newman and Johnson, 1975; 
Messick and Shields, 2000). In the coastal bays of Maryland, 
prevalence was significantly associated with high salinities, with 
the highest prevalence in waters of 26 to 30 psu (Messick and 
Shields, 2000). In a laboratory study, Messick et ai. (1999) found 
that naturally infected crabs held in 29 psu did not have a 
significant reduction in infection intensity compared to crabs held 
at lO psu. The majority of crustaceans infected by a Hematodi-
nium sp. are stenohaline species that rarely experience a significant 
fluctuation in salinity (see Stentiford and Shields, 2005 for review; 
Pagenkopp Lohan et aI., 2012). Our study is the first report of a 
Hematodinium sp. infection in blue crabs held at such a low 
salinity, 5 psu; however, it is not the first report of Hematodinium 
sp. infection occurring in low salinity. Li et ai. (2008) reported 
Hematodinium sp. infections in the mud crab, Scylla serrata, in 
aquaculture ponds in China in water less than 9 psu. However, the 
details of how and where these crabs were originally collected 
were not reported, nor was transmission ascertained in relation to 
the presence of dinospores. Although dinospores were found in 
the blue crab tissues in the present study and in S. serrata tissues 
(Li et aI., 2008), there was no evidence that transmission occurred 
at low salinity in either study. 
Many species of dinoflagellates have a specific salinity range in 
which they exhibit optimal growth and swimming rates (Hand 
et aI., 1965; White, 1978; Noga and Levy, 2006). In our culture 
experiment, the Hematodinium sp. dinospores appeared very 
sensitive to low salinities and rapidly become inactive in salinities 
below 20 psu. This inactivity would likely affect the ability of the 
dinospores to be transmitted to new hosts. Dinospores exiting a 
host crab in a low-salinity «lO psu) environment would almost 
certainly encounter osmotic shock and die, and this alone can 
explain the extremely low prevalence of infections from blue crabs 
in low-salinity areas in the Chesapeake Bay region (Newman and 
Johnson, 1975; Messick and Shields, 2000). 
The hemolymph parameters, THC, and HSP in our study 
support the findings from Shields and Squyars (2000). In both 
studies, the THCs of the infected crabs were significantly lower 
than those of the control crabs, and there was no change in 
hemocyte density in the inoculated crabs that did not develop 
infections. In the present study, serum protein levels were not 
different between treatments, whereas Shields et ai. (2003) 
reported a significant decline in serum proteins in naturally 
infected male blue crabs with heavy Hematodinium sp. infections. 
The majority of the infections sampled in this study were light or 
moderate infections, and it is likely that the infections had not 
progressed enough to elicit a change in the serum protein levels of 
the infected hosts at the time of necropsy. 
An unexpected finding from our study was the relatively high 
number of infections that were undetectable via hemolymph 
smears. Although latent Hematodinium sp. infections have been 
reported previously in naturally infected blue crabs (Messick et aI., 
1999), and detection rates can be low in experimentally inoculated 
crabs (Shields and Squyars 2000), we found that 38% of our early 
infections were not detectable using smears. This value is similar to 
that reported by Shields and Squyars (2000) during the first 7 to 
14 days of exposure to the parasite. Additionally, in all of these 
infections the plasmodial stage of the parasite (vermiform, or 
filamentous trophont) was present, indicating that this is likely the 
initial stage of infection as observed in naturally infected animals 
(Messick and Shields, 2000). 
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YEAR-LONG PRESENCE OF EIMERIA ECHIDNAE AND ABSENCE OF EIMERIA 
TACHYGLOSS/IN CAPTIVE SHORT-BEAKED ECHIDNAS (TACHYGLOSSUS ACULEATUS) 
John J. Debenham, Robert Johnson*, Larry Vogelnest*, David N. Phalen, Richard Whittington, and Jan Siapetat 
Faculty of Veterinary Science, University of Sydney, New South Wales 2006, Australia. e-mail: jan.slapeta@sydney.edu.au 
ABSTRACT: The short-beaked echidna (Tachyglossus aculeatus) is I of 5 extant species of monotreme, found only in Australia and 
Papua New Guinea. The aim of this study was to identify the species of coccidia present and establish a range of subclinical Eimeria 
spp. (Coccidia: Apicomplexa) oocyst shedding in echidnas from eastern Australia over 18 mo. The coccidia were detected in 89% (49/ 
55) offecal samples from 12 long-term monitored and healthy captive echidnas, 75% (3/4) of 4 healthy long-term captive echidnas, 83% 
(5/6) of6 short-term captive echidnas, and 60% (6/10) of 10 wild echidnas. Echidnas captive for 4 to 23 yr shed 100-46,000 oocysts g-l 
of E. echidnae and remained clinically healthy during this study. Sub-adult and adult wild, and short-term captive, echidnas shed 
oocysts of both E. echidnae and E. tachyglossi. The lack of coccidia in juvenile short-beaked echidnas suggests these animals are 
probably non-immune and should not be placed in environments heavily contaminated with oocysts. In addition, no oocysts were 
found in captive long-beaked echidnas (Zaglossus bartoni bartoni, n = 2) housed at Taronga Zoo. This study represents an important 
step in understanding the host-parasite interaction between coccidia and short-beaked echidnas. 
An understanding of the natural diversity and ecology of 
parasites is important for wildlife conservation and captive animal 
management (Thompson et aI., 2010). Parasites are able to 
influence an animal's ability to survive and impact population 
ecology (Gulland, 1995). Importantly, benign parasite species in 
free-ranging populations may be significant in zoo populations 
due to the change in host-parasite interaction associated with 
captivity (Munene et aI., 1998; Goossens et aI., 2005). 
Short-beaked echidnas (Tachyglossus aculeatus) are found in 
the wild throughout Australia and in parts of Papua New Guinea, 
representing 1 of 5 extant species of monotreme (Flannery and 
Groves, 1998; Jackson, 2003). They are generally solitary animals, 
with large overlapping home ranges (Abensperg-Traun, 1991). 
Their natural diet consists of ants, termites, and other inverte-
brates (Abensperg-Traun, 1988). 
Coccidia were described in short-beaked echidnas by Barker et al. 
(1985), who reported Eimeria tachyglossi and Eimeria echidnae in 
Tasmanian and Victorian animals. They described 3 cases of enteric 
coccidiosis in captive short-beaked echidnas, although they were 
unable to confirm the species responsible. Wild and captive short-
beaked echidnas have since been reported to suffer from enteric and 
systemic coccidiosis, both of which are potentially fatal diseases 
(Dubey and Hartley, 1993; Rose, 1999; Middleton, 2008; Whittington, 
2008). Enteric coccidiosis ranges from superficial enteritis to severe 
hemorrhagic and necrotizing enteritis with non-specific clinical signs, 
i.e., weight loss, lethargy, inappetence, and diarrhea (Middleton, 
2008). Systemic coccidiosis involves dissemination of protozoal stages 
to the liver, lung, brain, spleen, kidney, pancreas, and heart (Dubey 
and Hartley, 1993). Although both E. tachyglossi and E. echidnae are 
suspected to cause enteric coccidiosis, and possibly systemic 
coccidiosis, the role they play in these diseases remains unknown. 
The present study aimed to establish baseline prevalence and 
intensity data for Eimeria spp. in healthy captive short-beaked 
echidnas and compare this information with data obtained from 
free-ranging individuals. Such baseline prevalence data provide a 
reference for monitoring parasite loads in captive populations and 
for investigating the role of parasites in disease. To achieve this 
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goal, we conducted a longitudinal survey of a captive population 
of short-beaked echidnas and opportunistically examined feces 
from wild short-beaked echidnas brought into veterinary clinics 
or in temporary captivity. 
MATERIALS AND METHODS 
Animals 
The short-beaked echidnas considered in this study (n = 32) were categorized 
as long-term captive, short-term captive, and wild. Long-term captive short-
beaked echidnas were adults from Taronga Zoo (Mosman, New South Wales, 
Australia; n = 12), captive for a period between 4 and 23 yr. Animals were 
examined multiple times from January 2010 to April 2011. In addition, adult 
short-beaked echidnas from Featherdale Wildlife Park (Doonside, New South 
Wales, Australia; n = 4) were examined on I occasion in January 2011. All long-
term captive animals were considered healthy throughout the study based on 
appetite, defecation, behavior, and body weight. Short-term captive short-
beaked echidnas were those that spent under 6 mo in captivity. All animals were 
originally free-ranging and included injured, sick, or young individuals being 
rehabilitated for release (Australia Zoo Wildlife Hospital, Beerwah, Queens-
land, Australia; n = 4) as well as new additions to the Taronga Zoo collection 
(n = 2). New additions to Taronga Zoo were kept separate from the long-term 
captive animals. Wild short-beaked echidnas were free-living animals brought 
by members of the public into the Wildlife Health and Conservation Centre 
(The University of Sydney, Camden, New South Wales, Australia; n = 5), 
Gordon Veterinary Hospital (Pymble, New South Wales, Australia; n = I), and 
the Australia Zoo Wildlife Hospital (n = 4). 
Clinical records of wild and short-term captive short-beaked echidnas were 
used to identify their weight and reason for presentation (Table I). Animals 
were classified as juvenile if they were <800 g, sub-adult if they were 1.3-
2.5 kg, and adult if they were >2.5 kg (Rismiller, 1999, Augee et al., 2006). 
In addition, feces from 2, long-term captive (>30-yr) eastern long-
beaked echidnas (Zaglossus bartoni bartOn!) at Taronga Zoo were 
examined during this study. Both individuals arrived at Taronga Zoo in 
1994 from London Zoo, U.K., and Dallas Zoo, Dallas, Texas. 
Investigation at Taronga Zoo was approved by Taronga Conservation 
Society Australia. All other samples were submitted for routine 
parasitological examination by registered veterinarians. 
Sample collection and parasitological examination 
At Taronga Zoo, the long-term captive short-beaked echidnas were 
housed in 7 enclosures. Enclosures were classified as indoor (ANXOI7 and 
ANX007) if they had solid walls and roof, or outdoor (AEH005, AEHOI6, 
KEX008, YBHOI2, and AGH005) if they had open, or wire, walls or roof. 
All enclosures had soil substrata and outdoor enclosures contained live 
vegetation. All enclosures were cleaned daily. Each enclosure housed I to 5 
animals, with the number varying as individuals were moved between 
enclosures during the study. Identification of fecal samples to a specific 
animal in multi-animal enclosures was not possible; therefore, all feces 
were identified using an enclosure identifier. Feces were made more visible 
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TABLE 1. Wild and short-term captive short-beaked echidnas, Tachyglossus aculeatus, examined in this study. 
Animal Location Age, wt Presentation 
Short-term captive 
SI Australia Zoo Adult, 2.9 kg Suspected trauma 
S2 Australia Zoo Adult, 3.3 kg Road trauma 
Oocysts 
Positive 
Positive 
OPG 
n.a·t 
n.a. 
Species· 
E. tachyglossi (77%) 
E. echidnae (33%) 
E. echidnae 
S3 Australia Zoo Juvenile, 0.7 kg Found alone, currently in care; healthy animal Negative 
S4 Australia Zoo Sub-adult, 1.7 kg Found stuck in a fence with severe quill damage; Positivet S,100 
31,100 
210,000 
1,500,000 
E. echidnae 
E. echidnae 
E. echidnae 
secondary mycotic dennatitis Positivet 
Positivet 
S5 Taronga Zoo Sub-adult, 1.7 kg Abnormal gait, treated Positive 
S6 Taronga Zoo Adult, 3.3 kg Suspect trauma; in care anorexic; gastric Positive 66,320§ 
E. tachyglossi (90%) 
E. echidnae (10%) 
E. echidnae 
impaction on post mortem 
Wild 
WI Australia Zoo Juvenile,0.7kg Found alone; healthy animal Negative 
W2 Australia Zoo Juvenile, 0.7 kg Found alone; anemic (PCVII = O.IS) Negative 
W3 Australia Zoo Juvenile, 0.5 kg Found alone; weak and anemic (pCV = 0.12) Negative 
W4 Australia Zoo Adult, 3.7 kg Road trauma Negative 
W5 Gordon Vet Adult, n.a. Found alone near shops; healthy animal Positive 24,900 
2,700 
2,400 
7,100 
E. tachyglossi 
E. echidnae 
E. echidnae 
W6 WHCC# Adult, 2.9 kg Hind limb paresis Positive 
W7 WHCC Adult, 3.1 kg Suspected trauma Positive 
WS WHCC Adult, 4.1 kg Rescued from a back yard; healthy animal. Positive E. tachyglossi (50%) 
E. echidnae (50%) 
W9 WHCC Adult, n.a. Found beside road; weak and dypsnoic Positive 100 
20,700 
n.a. 
WIO WHCC Sub-adult, n.a. Rescued from a parking lot; healthy animal Positive E. tachyglossi (30%) 
E. echidnae (70%) 
• Eimeria species determined from 50 oocysts. 
t n.a., not available. 
t Consecutive examination during hospitalization of the same individual. 
§ Fecal sample obtained post mortem and represents OPG of expressed intestinal contents. 
II PCV, packed cell volume. 
# WHCC, Wildlife Health and Conservation Centre. 
by adding blue food dye (S mg/day; Brilliant Blue code 42090, All Colour 
Supplies Pty Ltd., Panania, New South Wales, Australia) to the regular diet 
before feces collection, as described previously (Higgins et al., 2004). Feces 
were collected by hospital nurses, wildlife carers, or zoo keepers during their 
daily cleaning routine; placed in sterile fecal containers, and transferred to 
The University of Sydney for parasitological examination. 
All fecal samples were weighed before parasitological examination (to 
nearest 0.1 g) and examined using a standard fecal flotation technique using 
saturated salt (NaCl) solution (specific gravity = 1.2). To evaluate Eimeria 
spp. oocyst burden in fresh feces, we used a McMaster chamber and 
calculated oocysts g-l (OPG; Morin-Adeline et al., 2011). Positive fecal 
samples were suspended in 2.5% (w/v) potassium dichromate to allow oocysts 
to sporulate at ambient temperature (20--25 C). Oocysts were measured using 
a calibrated ocular micrometer using bright-field microscopy X 100 oil 
objective on a BX60 microscope (Olympus, Tokyo, Japan) equipped for 
Nomarski interference (differential interference contrast) contrast microsco-
py and photographed using a DP70 camera (Olympus). All measurements are 
given as means in micrometers, followed by ranges in parentheses. 
Substratum was collected from 2 outdoor enclosures (AEH005 and 
AEHOI6) in April 2011. Two surface soil «2-cm) samples were taken 
from each enclosure, i.e., a "latrine sample" from where feces are regularly 
deposited and a "mixed sample" from throughout the enclosure. Samples 
were examined by a standard flotation technique, and a McMaster 
chamber was used to determine OPG. For each sample, 10 g of substrate 
was mixed with 25 m1 of tap water, homogenized, and the solid portion 
was filtered off. Then, 10 ml of the fluid component was centrifuged 
(=200 g), the supernatant was removed, and the solid portion was 
resuspended in saturated salt solution (Long and Rowell, 1975). 
Statistical analysis 
The proportion of positive fecal samples and summary statistics of 
oocyst counts were calculated overall as well as by individual enclosure, 
grouped enclosures (indoor or outdoor), season (summer, December-
February; autumn, March-May; winter, June-August; and spring, Septem-
ber-November) and temperature (Sydney Observatory, 2010 monthly mean 
minimum temperature grouped as < 15 and > 15 C; Australian Bureau of 
Meteorology). Fisher's exact test was used to compare prevalence between 
the binary variables grouped enclosure and temperature. 
To compare oocyst shedding between categorical variables, summary 
statistics were calculated and visualized using box-and-whiskers plots and 
scatter diagrams. Negative samples were excluded for this analysis, and 
OPG was log-transformed to satisfy the assumption of normality and 
equal variance. Two sample t-tests were used to compare the mean log 
OPG for variables temperature and grouped enclosure, and analysis of 
variance (ANOV A) was used to compare the mean log OPG for variables 
season and individual enclosure. Only enclosures with greater than 3 
samples (AEH005, AEHOI6, and ANX007) were included in the 
individual enclosure analysis. One outlier of 163,500 OPG was excluded 
from the results. All P values were 2-sided, and a P < 0.05 was considered 
significant. Statistical analyses were performed in Prism version 5.00 for 
Windows (GraphPad Software, San Diego, California). 
RESULTS 
Low-to-moderate numbers of E. echidnae oocysts are shed 
throughout the year by healthy captive adult short-beaked 
echidnas without causing clinically apparent disease 
Fecal examination of healthy captive adult short-beaked echidnas 
at Taronga Zoo revealed coccidian oocysts in 89% (49155) of the 
fecal samples collected throughout 18 mo. Animals were shedding 
100 to 46,000 OPG in fresh feces (median, 3,050; mean, 7,017; 95% 
confidence interval leI], 4,200-9,835), excluding an outlier of 
DEBENHAM ET AL.-COCCIDIA IN CAPTIVE SHORT-BEAKED ECHIDNAS 545 
FIGURES 1-6. Photomicrograph of sporulated oocysts of Eimeria echidnae (1-3, top) and Eimeria tachyglossi (3, bottom; 4-6) from short-beaked 
echidnas, Tachyglossus aculeatus. Scale bar = 20 !Lm. 
163,500 OPG (Supplementary Fig. I). Coccidia positive samples 
required 10-14 days to be fully sporulated and allow species 
determination. Oocysts were spherical 19.4 (13.5-25.0) X 18.0 (13.2-
23.0)).tm and lacked a micropyle (n = 311; Supplementary Table I). 
Oocyst residuum consisted of a few granules, often forming a clump 
211m in diameter. Sporocysts were round to ellipsoidal 9.0 (6-14) X 
7.2 (5-10) ).tm, length to width ratio 1.25, with blunt ends. The 
morphology of sporulated oocysts at Taronga Zoo was consistent 
with E. echidnae (Figs. 1-6) and consistent with Barker et al. (1985). 
Oocysts were found in 75% (3/4) of fresh fecal samples from 
healthy captive adult short-beaked echidnas at Featherdale 
Wildlife Park. The 3 positive samples contained 2,060, 4,000, 
and 14,400 OPG. Oocysts were sporulated from the sample 
containing 14,400 OPG and had morphology consistent with E. 
echidnae (Supplementary Table I). 
Intensity of E. echidnae infection in captive short-beaked 
echidnas is not influenced by season or monthly mean 
minimum temperature 
Concentration of E. echidnae oocysts shed by healthy captive 
adult short-beaked echidnas at Taronga Zoo was log-transformed 
and grouped according to season, monthly mean mmlmum 
temperature, individual enclosure, and grouped enclosures. The 
mean log OPG did not significantly differ between seasons 
(ANOVA, P = 0.30), mean monthly minimum temperatures <15 
and> 15 C (2-sample t-test, P = 0.19), individual enclosures 
(ANOVA, P = 0.12), or grouped enclosures indoor and outdoor 
(2-sample t-test, P = 0.10; Fig. 7). 
The prevalence of oocysts in feces from outdoor enclosures, 
97% (36/37), was significantly greater than that in indoor 
enclosures, 71% (11117; Fisher's exact test, P < 0.01). The 
prevalence of oocysts from mo with a mean minimum temper-
ature of < 15 C, 91 % (10/11), was not significantly different from 
> 15 C, 88% (38143; Fisher's exact test, P = 1.00). Because the 
animals were housed in grouped enclosures, individual echidna 
identification was not possible. If we assume random sample 
collection of the fecal samples within a given enclosure, individual 
echidnas (n = 12) were sampled between 1 to 23 times (n = 55) 
within any enclosure (Supplementary Fig. 1). 
The substratum in enclosure AEH005 at Taronga Zoo had 0.5 
OPG in the latrine area, and no oocysts were detected in the 
mixed soil sample. Oocysts were not detected from either sample 
from enclosure AEHOI6. 
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FIGURE 7. Comparison of Eimeria echidnae-positive quantitative (OPG) data from fresh feces of healthy captive short-beaked echidnas 
(Tachyglossus aculeatus) at Taronga Zoo. The log-transformed OPG data are represented as a scatter dot plot of individual samples (circles) and a box-
and-whisker plot (whiskers: minimum and maximum; mean; +; median, horizontal line). All data are grouped into categories and plotted. All: all positive 
samples (n = 48). Season: summer (n = 10), autumn (n = 30), winter (n = 6), and spring (n = 2). Monthly mean minimum temperature, <IS C (n = 10) 
and> IS C (n = 38). Individual enclosures: ANX007 (n = II), AEH005 (n = 22), and AEHOl6 (n = 7); additional 4 enclosure had few data points and 
were not plotted. Grouped enclosures: outdoor (n = 36) and indoor (n = 12). 
Adult and sub-adult wild and short-term captive short-
beaked echidnas shed oocysts of E. echidnae and 
E. tachyglossi 
Examination of fresh feces from short-beaked echidnas 
revealed coccidian oocysts in 83% (5/6) of short-term captive 
animals, i.e., 3 of 4 in the Australia Zoo Wildlife Hospital (SI-S4 
in Table I) and 2 of 2 in the Taronga Zoo Hospital (S5 and S6 in 
Table I); and 60% (6/10) of wild animals, i.e., 5 of 5 in the Wildlife 
Health and Conservation Centre (W6--WlO in Table I), 1 of 1 in 
the Gordon Veterinary Hospital (W5 in Table I), and none of 4 in 
the Australia Zoo Wildlife Hospital (WI-W4 in Table I). The 
difference in prevalence between wild and short-term captive 
animals was not significant (Fisher's exact test, P = 0.59). All 
juvenile short-beaked echidnas were negative for oocysts (Table I). 
Sub-adult short-beaked echidnas shed moderate-to-very high levels 
of coccidian oocysts (Table I). Adult short-beaked echidnas shed 
low-to-moderate numbers of oocysts (Table I). 
Samples containing coccidia were sporulated to determine the 
species present. Both wild and short-term captive echidnas shed 
oocysts of E. echidnae (Table I). Morphological examination 
revealed a larger species of coccidia shed by 33% (2/6) of short-
term captive animals, i.e., 1 of 4 from the Australia Zoo Wildlife 
Hospital and 1 of 2 in the Taronga Wildlife Hospital; and 30% 
(3/10) of wild animals, i.e., 1 of I from the Gordon Veterinary 
Hospital, and 2 of 5 at the Wildlife Health and Conservation 
Centre (Table I). The larger oocysts were 29.1 (25-34) X 25.7 (21-
29) flm (n = 35) and had 0-1 oocyst residuum 1-2 flm in diameter 
(Supplementary Table I; Fig. 8). Sporocysts were ellipsoid, 15.9 
(14-18) X 10.4 (7.5-12) flm, length-to-width ratio 1.52, with a 
slight point at I end (Fig. 8). Despite slightly larger mean oocyst 
dimensions than the original description of E. tachyglossi, these 
oocysts were considered consistent with E. tachyglossi (Figs. 3-6). 
Differential counts of sporulated oocysts were performed 
where both Eimeria spp. were present. Oocysts of E. tachyglossi 
made up 77% (17/22), 90% (45/50), 50% (7/14), and 30% (15/50) 
of oocysts counted in short-term captive short-beaked echidnas 1 
and 5, and wild short-beaked echidnas 8 and 10, respectively 
(Table I). 
One adult short-beaked echidna (W6 in Table I) was monitored 
while housed for 44 days at the Wildlife Health and Conservation 
Centre. Initial parasitological examination showed 2,700 OPG of 
E. echidnae; subsequent examination on day 2 revealed 5,600 
OPG. The animal was given toltrazuril (10 mg/kg p.o., Baycox 5% 
for piglets; Bayer Animal Health, Pymble, New South Wales, 
Australia). The follow up examinations revealed low OPG. 
The medication was repeated with a higher dose of toltrazuril 
(25 mg/kg p.o.) 2 wk after the initial dose. Follow-up examination 
revealed absence of coccidia in feces for 2 wk when low numbers 
of oocysts (100-700 OPG) were detected again (Supplementary 
Table II). 
No coccidian parasites detected in captive adult eastern 
long-beaked echidnas 
Repeated fecal examinations of 2 eastern long-beaked echidnas 
were negative for coccidian parasites throughout this study 
(January 201O-December 2010). 
DISCUSSION 
The 2 species of Eimeria identified in the present study are those 
reported previously as E. echidnae and E. tachyglossi, based on 
the morphology of sporulated oocysts (Barker et aI., 1985). The 
species can best be distinguished by oocyst size, sporocyst size, 
and sporocyst shape; nevertheless, our measurements of E. 
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tachyglossi are larger than originally reported. Polymorphism has 
been reported in other species of coccidia, with the oocyst size 
increasing over the patent period and morphologic characters 
changing in different individuals and infection intensities (Dus-
zynski, 1971; Joyner, 1982; Long and Joyner, 1984). None of the 
studied echidnas expelled Octosporella hystrix described from 
short-beaked echidna by Barker et aI. (1985). Based on the 
morphology of 0. hystrix, it is not an authentic parasite of 
echidnas, but an insect coccidium belonging to Adelina ingested 
with food, and therefore a case of pseudoparasitism (Upton, 
2000). 
There are few data available on the epidemiology of coccidia in 
monotremes, despite reports of coccidiosis in both short-beaked 
echidnas and platypuses (McColl, 1983; Barker et aI., 1985). The 
present study presents the first longitudinal survey of coccidia 
in monotreme species. Although the prevalence of E. echidnae 
is high in captive short-beaked echidnas, the present study 
demonstrated that E. echidnae is not pathogenic for adult 
echidnas under the conditions studied. At Taronga Zoo, E. 
echidnae is ubiquitous. Therefore, the absence of E. echidnae in 
the long-beaked echidnas studied may suggest that these 
individuals were not susceptible to this coccidium species. 
Fecal oocyst counts, i.e., OPG, are easy to perform, providing 
an analog to infection intensity that correlates with clinical disease 
(Newman et aI., 2001; Holdsworth et aI., 2004; Reeg et aI., 2005). 
Mean oocyst shedding of healthy captive short-beaked echidnas 
(7,017 OPG) was similar to that reported for wild brush-tailed 
rock wallabies (Petrogale penicillata, 6,121 OPG; Barnes et aI., 
2010). The mean OPG in short-beaked echidnas was greater than 
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in domestic eutherians such as goats (400-4,000 OPG), sheep 
(400--3,000 OPG), and cattle (107 OPG; de la Fuente and Alunda, 
1992; Kusiluka et aI., 1996; Harper and Penzhorn, 1999; Lassen 
et aI., 2009; Wang et aI., 2010). 
Use of a qualitative fecal examination in adult short-beaked 
echidnas to diagnose coccidiosis has little value because echidnas 
seem to shed oocysts throughout the year. There is no evidence 
that observed intensity of infection with E. echidnae in captive 
short-beaked echidnas is influenced by season or monthly mean 
minimum temperature. This is consistent with Eimeria spp . 
infections in Australian sheep but different from that reported 
in wild Australian rabbits (O'Callaghan et aI., 1987; Hobbs et aI., 
1999). 
The proportion of E. echidnae-positive feces was statistically 
higher in outdoor compared with indoor enclosures. Outdoor 
enclosures are exposed to rain, which may increase soil humidity 
and facilitate sporulation (Fayer, 1980; Parker and Jones, 1990). 
Despite this the numbers of oocysts in outdoor enclosure soil 
samples were very low. Because echidnas consume considerable 
amounts of soil }Vhile foraging, these data suggest that echidnas 
are constantly exposed to very low numbers of oocysts 
(Abensperg-Traun and De Boer, 1992; Sprent et aI., 2006). It is 
unknown whether higher burdens of oocysts in soil trigger clinical 
coccidiosis, but coccidiosis has been reported as a significant 
disease in other ant-eating mammals (Diniz et aI., 1995). The type 
of enclosure will probably playa significant role influencing the 
soil contamination, because desiccation, heat, and sandy soils 
have all been shown to reduce oocyst survival (Fayer, 1980; 
Parker and Jones, 1990; Jenkins et aI., 2002). 
Wild and short-term captive short-beaked echidnas shed 
oocysts of E. tachyglossi, a species not observed in long-term 
captive animals. Quarantine is important between these popula-
tions as immunity to coccidiosis is species specific, making long-
term captive short-beaked echidnas potentially vulnerable to E. 
tachyglossi infection (Smith et aI., 2002). Young eutherian 
mammals are infected with coccidia in the first week or month 
of life, with infection intensity typically decreasing with age as 
immunity develops (Daugschies and Najdrowskii, 2005; Lassen et 
aI., 2009). Interestingly, we found all juvenile short-beaked 
echidnas were negative for coccidia, signifying these animals 
either had not been exposed to oocysts, had pre-patent infections, 
or had recovered from infection and were immune. Recovery 
from infection seems unlikely given that captive adult short-
beaked echidnas were constantly infected over an 18-mo period 
and that oocysts were found in older wild and short-term captive 
short-beaked echidnas. Echidnas are weaned at 180--205 days old 
(weighing 0.8-1.3 kg) when they leave the burrow and instinc-
tively transfer onto an adult diet (Augee et aI., 2006). Our data 
suggest that if exposure to oocysts first occurs after weaning, then 
infection intensity should be greatest in sub-adult animals and 
decrease in adults that have established immunity. Moreover, 
reported cases of coccidiosis are limited to sub-adult and adult 
short-beaked echidnas (Dubey and Hartley, 1993; Middleton, 
2008). The effect of toltrazuril as an optimal anticoccidial 
medication has been suggested by Middleton (2008). However, 
our data based on a single animal suggest that reinfection or 
possibly recrudescence of tissue stages may result in re-occurrence 
of oocysts in feces. Further investigation of the toltrazuril dosage 
and careful monitoring of oocyst outputs before, and after, 
medication are required. 
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This study provides an important step in understanding the 
host~parasite interaction between coccidia and short-beaked 
echidnas, It has demonstrated that the prevalence of coccidia is 
high in clinically healthy captive short-beaked echidnas. Under 
captive conditions, E. echidnae did not cause disease in long-term 
captive echidnas. The lack of coccidia in juvenile short-beaked 
echidnas means these animals are probably non-immune and 
should not be placed in environments heavily contaminated with 
oocysts. 
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COMPLETION OF THE LIFE CYCLE OF SARCOCYSTIS ZUO/, A PARASITE FROM THE 
NORWAY RAT, RATTUS NORVEGICUS 
Jun-Jie Hu, Yu Meng*, Yan-Mei Guo, Jie-Ying Liao, and Jing-Ling Songt 
School of Biological Sciences, Yunnan University, Kunming, People's Republic of China 650091. e-mail: jjhu@ynu.edu.cn 
ABSTRACT: Transmission experiments were performed to elucidate the life cycle of Sarcocystis zuoi found in Norway rats (Rattus 
norvegicus) in China. Two king rat snakes (Elaphe carinata) fed sarcocysts from the muscles of 4 naturally infected Norway rats shed 
sporocysts measuring 10.S ± 0.7 X S.O ± 0.7 J.lIll, with a prepatent period of S-9 days. Sporocysts from the intestine of 2 experimentally 
infected king rat snakes were given to the laboratory Sprague-Dawley (SD) rats (R. norvegicus) and Kunming (KM) mice (Mus 
musculus). Microscopic sarcocysts developed in the skeletal muscles of SD rats. No sarcocysts were observed in KM mice. Characters 
of ultrastructure and molecule of sarcocysts from SD rats were confirmed as S. zuoi. Our results indicate that king rat snake is the 
definitive host of S. zuoi. 
Sarcosporidia represent a highly diversified group of coccidian 
parasites of rodents. Several species of Sarcocystis using rodents 
as intermediate hosts and reptiles as definitive hosts have been 
studied over the last 4 decades (Beaver and Maleckar, 1981; 
Hafner and Frank, 1984; Slapeta et ai., 1999). Hu et ai. (2005) 
described Sarcocystis zuoi from wild-caught Norway rats (Rattus 
norvegicus) in China, but the life cycle of this parasite is unknown. 
In the present article, we have identified the sarcocyst stage of S. 
zuoi and completed the life cycle in the laboratory with the use of 
king rat snakes (Elaphe carinata) as experimental definitive hosts. 
King rat snakes occur throughout most of China. Being 
terrestrial, they inhabit open forest areas, fields, and meadows, 
and have also been collected/found near houses. They feed mainly 
on rodents, although consumption of amphibians, reptiles, and 
birds has also been reported (Zhao et ai., 1998). 
MATERIALS AND METHODS 
Infectious material 
Sarcocysts of S. zuoi were obtained from muscles of 4 naturally infected 
Norway rats. They were stored at 4 C before feeding to cats or snakes. 
Identification of S. zuoi sarcocysts was based on light and transmission 
electron microscope morphology. 
Examination for sarcocysts 
After the naturally or experimentally infected rats with were killed with 
ether, muscles from esophagus, diaphragm, heart, tongue, and the rest of 
the carcass were examined for sarcocysts by light and electron microscopy, 
and by DNA analysis and polymerase chain reaction-restriction fragment 
length polymorphism (PCR-RFLP). For transmission electron microsco-
py (TEM), the sarcocysts were fixed in 2.5% glutaraldehyde in cacodylate 
buffer (0.1 M, pH 7.4) at 4 C and postfixed in 1% osmium tetroxide in the 
same buffer, dehydrated in graded alcohols, and embedded in epon-
araldite mixture. Ultrathin sections were stained with uranyl acetate and 
lead citrate and then examined with the use of JEMIOO-CX transmission 
electron microscopy at SO kV. For DNA isolation, individually dissected 
sarcocysts (those isolated from naturally infected Norway rat and those 
isolated from experimentally infected SD rats) were stored in 96% ethanol 
or at -20 C. 
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Experimental infections of potential definitive hosts 
Four 1-2-mo-old domestic cats (Felis catus) were purchased from a 
commercial source and housed separately in steel cages and fed cat pellets 
and water ad libitum. Feline feces were examined for 10 successive days 
with the use of centrifugal flotation and a sucrose solution (density 1.20 at 
20 C) before infection to prove that they were coccidian free. Four king rat 
snakes (E. carinata) and 4 beauty snakes (Elaphe taeniura) obtained from a 
snake breeding facility were housed separately in steel cages at ambient 
temperature and humidity. The snakes were fed Sarcocystis sp.-free KM 
mice (Mus musculus) obtained from Experimental Animal Center, 
Kunming Medical University, Kunming, China. The feces of snakes were 
examined for at least 5 wk with the flotation technique to confirm they 
were coccidian free. 
Pieces of muscle from wild-caught Norway rat were force fed to 2 cats, 2 
king rat snakes, and 2 beauty snakes. The remaining 2 cats, 2 king rat 
snakes, and 2 beauty snakes were kept as controls. Before inoculation, it 
was confirmed by extensive microscopic examination that the muscles of 
wild-caught Norway rats fed to experimental animals only contained cysts 
of S. zuoi. The animals were each fed muscle pieces containing 
approximately 400 S. zuoi cysts. Fecal samples of cats and snakes were 
tested daily for at least 25 days postinfection (PI) to determine the 
presence of sporocysts or oocysts. All animals were killed 30 days PI. The 
small intestine of each animal was removed, and the mucosa sample from 
the small intestine, approximately 2.5 cm in length in each part, was 
examined for the presence of oocysts or sporocysts. 
Experimental infections of potential intermediate hosts 
Sprague-Dawley (SD) rats (R. norvegicus, n = 21) and Kunming (KM) 
mice (M. musculus, n = 20) were obtained from the Experimental Animal 
Center, Kunming Medical University, Kunming, China. SD rats and KM 
mice were housed in groups of 2 animals per plastic cage and provided 
rodent chow and water ad libitum. Twenty SD rats were divided into 2 
groups. One group of 10 was infected with oocysts or sporocysts collected 
from the intestinal scrapings of 2 experimentally infected king rat snakes, 
and another group of 10 rats served as controls. Similarly, I group of 10 
mice was infected with sporocysts or oocysts collected from the 
experimentally infected king rat snakes, whereas another group of 10 
mice was used as controls. All rats and mice were killed at 90 days PI and 
their muscle tissues were examined as described previously. 
Molecular characterization 
DNA from samples stored in 96% ethanol or at -20 C was isolated by 
methods described previously (Jehle et aI., 2009). For PCR, the target 
sequence chosen for amplication was part of the mitochondrial ISs rRNA 
gene. Those variable regions have been shown to be suitable genetic 
markers for distinguishing Sarcocystis spp. (Yang et aI., 2002). The plastid 
ISs rRNA gene was amplified with the use of degenerate oligonucleotides 
ISSIF (CCATGCATGTCTAAGTATAAGC) and ISSIR (ACACGCA-
AAGTCCCTCT A), designed on the basis of sequences available in the 
GenBank. PCR reactions were carried out in 25 J.1l with 50--100 ng of total 
DNA, I unit Taq polymerase (TakaRa), and 25 pmol of each primer. The 
amplification program consisted of 35 cycles of 95 C for I min, 57 C for 
I min, and 72 C for I min. PCR products were gel purified and cloned, 
and both were sequenced on an automatic sequencer. The sequences were 
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FIGURE 1. Stages of Sarcocystis zuoi. Abbreviations are for bradyzoite (BZ), host cell (HC), and villar protrusion (VP). (A) Sarcocyst from a fresh 
sample taken from the skeletal muscle of naturally infected Rattus norvegicus. Note the villar protrusions (arrow). (B) Transmission electron micrograph 
(TEM) of cyst wall of a sarcocyst from experimentally SO laboratory rat. Note the highly branched primary cyst wall at the base of the protrusions in 
cross section (arrow). (C) TEM of cyst wall of a sarcocyst from experimentally SD laboratory rat. Note the highly branched primary cyst wall that forms 
the basis of the villar protrusions in longitudinal section (arrow). (D) Sporocyst from feces of experimentally infected E. carinata. (E) Sporulated oocyst 
from feces of experimentally infected Elaphe carinata. 
assembled from using multiple overlapping regions using the program 
SeqManII (ONAStar, Madison, WI), and removing the amplication 
primers sequences they were deposited in GenBank (JQ029 I I 2-JQ029 I 13). 
The sequences were compared and restriction sites were identified using 
CLUSTALW program and Oligo6.0, respectively. Amplified PCR 
products were digested separately with restriction enzymes EcoRI or 
SadI (TakaRa). 
RESULTS 
Light and electron microscopic observations on sarcocysts 
Sarcocysts that developed in naturally infected wild rats and 
in laboratory SD rats were all localized in skeletal muscle 
throughout the body, including the tongue, esophagus, and 
diaphragm, but not in the heart. With the use of ordinary light 
microscopy, fresh samples revealed the cyst wall with numerous 
villar protrusions (Fig. lA). These protrusions measuring 10.2-
12.5 X 2.0-2.5 J.l.m (n = 30) were arrayed in parallel and projected 
at an angle of approximately 65° from the plane of the cyst 
surface. Mature cysts measured 2,325- 700 X 225- 81 J.l.m (n = 67). 
The cysts were septate and their interior compartments were filled 
with cystozoites measuring 7- 10 J.l.m X 2.6-3.0 J.l.m (n = 35). 
Ultrastructures showed that the primary cyst wall contained 
numerous finger-like protrusions measuring 8.5- 9.6 X 2.0-3.1 J.l.m 
(n = 20). The primary cyst wall had minute undulations over most 
of the sarcocyst wall. There was a highly branched primary cyst 
wall at the base of the protrusions, with many minute 
invaginations in the surface membrane, but without microtubules 
or micro filaments in the core. The protrusions connected each 
other at the branched base (Fig. 18, C). A layer of ground 
substances measuring 0.4-0.6 J.l.m in thickness was located 
immediately beneath the primary cyst wall. This layer of ground 
substances also gave rise to thin septa, dividing the cyst interior 
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FIGURE 2. Results of PCR with the use of primer 18S1F/18SlR and 
restriction enzyme digestion with EcoRI or SadI of sarcocyst DNA from 
Sarcocystis zuoi isolated from naturally infected Norway rat (Szn) or from 
experimentally infected SD rat (Sze); M, molecular mass marker; P, PCR 
product; E, EcoRI digest; S, SadI digest. 
into a series of compartments. The compartments were filled with 
numerous bradyzoites and several undifferentiated metrocytes. 
Infection of the final host 
The 2 king rat snakes that were fed with muscle tissue 
containing S. zuoi cysts from wild Norway rats both excreted 
sporulated oocysts or sporocysts in feces, beginning at days 8 and 
9 PI (Fig. ID, E). The oocysts contained 2 ovoid sporocysts. 
Upon death of the king rat snakes and examination of their 
intestinal mucosa, the oocysts and sporocysts were found to be 
mostly concentrated toward the tips of the villi, but some were 
located deep in the villi as well. Sporulated oocysts measured 16.4 
± 0.6 x 11.0 ± 0.3 f,lm (n = 30) with 2 elliptical sporocysts that 
measured 10.8 ± 0.7 x 8.0 ± 0.7 f,lm (n = 25). The sporocyst 
residuum consisted of numerous scattered granules; each sporo-
cyst contained 4 sporozoites. The intestinal mucosa was not 
appreciably altered, and infected king snakes did not show any 
clinical signs due to sarcosporidian infection. No oocysts and 
sporocysts were found in cats, beauty snakes, or the 2 control king 
rat snakes. 
Experimental back-transmission to SD rats 
All 10 SD rats were successfully infected with oocysts and 
sporocysts from the intestine of the 2 king rat snakes that had 
been fed on musculature containing S. zuoi cysts of wild Norway 
rats. Sarcocysts were found in the skeletal musculature, but not in 
the heart on day 90. The sarcocysts mainly contained mature 
cystozoites. No sarcocysts were found in KM mice or control rats. 
Sequencing and PCR-RFLP 
Two different DNA isolates of S. zuoi obtained from naturally 
infected Norway rat and experimentally infected SD rat were 
amplified and sequenced with the use of the forward primer 
18SIF and the reverse primer 18SIR. The sequences were 
compared with published sequences with the use of the NCB I 
BLAST program. The sequences of S. zuoi were 93% identical 
with the published sequence of Sarcocystis singaporensis 
(AF434054). 
The sequence analysis revealed that the sequences of the 18 S 
rRNA gene of S. zuoi cysts from wild Norway rat were identical 
with the sequences of S. zuoi from SD rat. The amplified products 
from cysts from wild Norway rat and SD rat produced a 1,342-
base pairs product that cut by EcoRI at the 634 locus, and by 
SadI at the 521 locus (Fig. 2). 
DISCUSSION 
In this series of experiments, it has been shown that sarcocysts 
from wild Norway rats produce sporocysts in king rat snakes, and 
that sporocysts from king rat snakes produce sarcocysts in 
laboratory SD rats. These sarcocysts found in laboratory SD rats 
was considered to be S. zuoi based on morphologic and molecular 
evidence. All these data clearly established that the king rat snake 
was a suitable definitive host for S. zuoi. In addition, the 
experimental sarcocysts are ultramicroscopically distinct from S. 
singaporensis and Sarcocystis murinotechis. Sarcocystis singapo-
rensis occur in Python reticulates (type definitive host) and R. 
norvegicus (type intermediate host) in Asia (Hafner and Frank, 
1984; Jakel et a!., 1997). Sarcocystis murinotechis occurs in 
No tech is ater (type definitive host), R. norvegicus (type interme-
diate host) in Australia (Munday and Mason, 1980). At the 
ultrastructural level, S. singaporensis sarcocysts have spatula- or 
sausage-like protrusions, measuring 5.0 X 1.5 f,lm, resting on short 
narrow stalks (Beaver and Maleckar, 1981). Sarcocystis murino-
techis sarcocysts have large short, and broad (6 x 4 f,lm) villar 
protrusions with many invaginations, but without necks at their 
bases (Munday and Mason, 1980), whereas S. zuoi sarcocysts 
consisted of long, fingerlike protrusions with a highly branched 
base. This is a marked difference from all of the other species in 
which a highly branched base was not present. 
Sarcocystis species are usually regarded as specific for their 
immediate hosts (Dubey et a!. 1989). Information reported for 
Sarcocystis species with snake- rodent life cycle do not match 
these suggestions. Sarcocystis spp. parasitizing snakes are believed 
to be host specific at the level of the definitive host (Matuschka, 
1987). Hafner et a!. (1984) found that 12 species belonging to 2 
genera (Rattus and Bandicota) are suitable intermediate hosts of 
S. singaporensis and Sarcocystis villivillous. All Sarcocystis species 
described from members of the Viperinae, i.e., Sarcocystis 
muriviperae from Vipera palestinae, Sarcocystis gerbilliechis from 
Echis coloratus, Sarcocystis dirumpens from species of Bitis, and 
Sarcocystis atheridis from Atheris nischei (Hafner and Matuschka, 
1984; Matuschka et a!., 1987; Jakel, 1995; Slapeta et a!., 1999), 
show definitive host specificity at the level of the host genus or 
even species. In our experiments, the transmission of S. zuoi to E. 
carinata was successful, whereas the transmission to E. taeniura or 
cats failed. Species of Elaphe represent a highly differentiated 
group. Elaphe carinata is considered to be phylogenetically distant 
from E. taeniura in this genus (Wang et a!., 1999), and the 
inability of S. zuoi to infect E. taeniura is probably related to this 
distant genetic relationship. Although attempts to infect labora-
tory mice with S. zuoi oocysts or sporocysts were negative, the 
parasite was nonetheless observed in the muscles of Rattus nitidus 
and Rattus jlavipectus (J. Hu, unpub!. obs.), suggesting an even 
wider intermediate host range than has already been found. 
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NEW RECORDS OF NEMATOMORPH PARASITES (NEMATOMORPHA: GORDIIDA) OF 
GROUND BEETLES (COLEOPTERA: CARABIDAE) AND CAMEL CRICKETS 
(ORTHOPTERA: RHAPHIDOPHORIDAE) IN WASHINGTON STATE 
Chris Looney, Ben Hanelt*, and Richard S. Zackt 
Washington State Department of Agriculture, P.O, Box 42560, Olympia, Washington 98504, e-mail: clooney@agr.wa.gov 
ABSTRACT: From 1998 to 2003, beetles and crickets infected with hairworms were collected from 4 localities within the Hanford 
Nuclear Site and the Hanford Reach National Monument, located in a shrub-steppe region of Washington State along the Columbia 
River. Infected hosts comprised 6 species of carabid beetles within 5 genera and 2 camel crickets within 1 genus; all are newly 
documented insect-nematomorph associations. A large proportion of the infected hosts (48%) were collected from a single site during a 
single collecting period. Of the 38 infected hosts, 32 contained a single worm, 4 hosts contained 2 worms, and 2 hosts contained 3 
worms, Five of the hosts with multiple infections contained at least 1 male and 1 female worm. Camel crickets were infected with 
Neochordodes occidentalis while carabids were infected with an undescribed species of Gordionus. As the majority of hairworms are 
collected in the post-parasitic adult phase, host data and hairworm-arthropod associations remain poorly documented and our work 
adds new data to this area of nematomorph biology, 
Hairworms (Nematomorpha: Gordiida) are cosmopolitan 
freshwater parasites with 18 species known from North America 
(Schmidt-Rhaesa et aI., 2003; Poinar and Chandler, 2004; Poinar 
et aI., 2004). Adults are free-living in freshwater environments 
while juveniles are obligate parasites in terrestrial arthropods with 
a paratenic aquatic host, e.g., insects and mollusks (Hanelt and 
Janovy, 2003). Paratenic hosts in freshwater environments 
become infected by consuming mobile, non-swimming gordiid 
larvae which cross the gut wall and encyst. The paratenic hosts are 
later ingested by the definitive host, typically a predatory or 
omnivorous terrestrial insect (Hanelt and Janovy, 1999, 2004; 
Poinar and Weissman, 2004). Species in the orders Orthoptera 
and Blattaria are the most frequent insect hosts, with ground 
beetles (Coleoptera: Carabidae) also commonly parasitized 
(Hanelt and Janovy, 2000; Schmidt-Rhaesa et aI., 2003). Upon 
maturity, gordiids exit the definitive host and enter fresh water, 
where they mate and lay eggs within a few days (Hanelt and 
Janovy, 1999,2000; Bolek and Coggins, 2002). 
Several records of gordiid parasites in ground beetles (Coleop-
tera: Carabidae) have been published, primarily from Europe 
(Larochelle, 1978; Poinar et aI., 2004). Poinar and Chandler (2004) 
summarize the known hosts for North American gordiids. Their 
review indicates that many hosts are still unknown, with several 
North American host associations discovered only recently (e.g., 
Hanelt and Janovy, 2000; Poinar et aI., 2004). The present paper 
contributes observations of horsehair worms infecting 6 newly 
recorded carabid and 2 rhaphidophorid hosts from a shrub-steppe 
ecosystem in south-central Washington State. 
MATERIALS AND METHODS 
Study site descriptions 
Collections: The present work was part of a larger biodiversity inventory 
of the Hanford Site, located in Benton and Franklin counties in south-
central Washington State (Soll et aI., 1999). We trapped insects as part of 
this survey between 1998 and 2003, collecting in numerous locations and 
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habitat types across the site. The Hanford Site, including the Hanford 
Reach National Monument, encompasses slightly more than 150,000 ha of 
largely intact shrub-steppe habitat which has had limited public access 
since the 1940s (Soll et al., 1999). Water bodies on or near the site are 
restricted to the Columbia River and Yakima River, a few spring systems, 
an alkaline pond (West Lake), scattered vernal pools, and several wetlands 
fed by irrigation runoff north of the Columbia River (Fig. I). We captured 
parasitized insects at 4 localities during the study, described briefly below 
(see Sakschewsky and Downs [2001] for a thorough treatment of plant 
communities of the site). 
Sand dunes: A large area of sand dunes lies along the western margin of 
the Columbia River and for several kilometers inland (46°31.369'N, 
119°21.192'W). The dunes occupy approximately 3,100 ha and are of 
Holocene and Recent origin. Vegetation is typical of active Columbia 
Basin sand dunes. We placed 15 pitfall traps in a T-shaped formation, 
running the traps through areas of the dunes with little or no vegetation 
and through a draw with a shrub overstory. The trapping site is 
. approximately 4 km from the Columbia River, the nearest water body. 
We maintained traps from 14 March 1998 through 28 May 1999. 
Rattlesnake Ridge, northeast slope: Two pitfall-trap sites were located 
on the northern slope of Rattlesnake Ridge (46°22.57'N, 119°31.64'W), 
which demarks the southern border of the Hanford Site. Widespread fire 
in the early 1980s destroyed most of the dominant sagebrush in this part of 
the reserve (Johansen et aI., 1993), leaving post-burn sites dominated by 
native bunchgrass or introduced cheatgrass (Bromus tectorum L.) with 
interspersed patches of un-burned climax sagebrush. We sampled a large 
cheatgrass stand and an adjacent stand of climax big sagebrush (Artemisia 
tridentata). These adjacent sites were separated by the Rattlesnake Ridge 
Road which is approximately 20 m wide. The closest water body is the 
Yakima River, about 5.6 km away. A series of 10 pitfall traps spaced 10 m 
apart was placed perpendicular to the road in each plant community, 
beginning 20 m from the road. Traps were maintained from 23 May 1998 
through 14 November 1999. 
West Lake: West Lake is a relatively large alkaline pond located within 
the central Hanford Site and surrounded by salt- and alkali-tolerant 
vegetation. Historically, West Lake was highly intermittent, with water 
depth dependent upon groundwater levels. Hanford operations raised the 
local water table, increasing and stabilizing West Lake's depth for several 
decades (Emery and McShane, 1978; Poston et aI., 1991). Recent changes 
in wastewater management have somewhat restored the historic seasonal 
fluctuation (Poston et aI., 1991). We placed pitfall traps in a transect 
running from the surrounding shrub-steppe community into and across 
the shallow basin containing West Lake. This transect contained 24 traps 
spaced 15 m apart. Traps were maintained from 20 March 1998 to 26 
August 1999. 
White Bluffs Ferry: The White Bluffs Ferry site (46°40.541 'N, 
119°26.949'W, 128 m elevation) was located in a shallow depression 
approximately 50 m from the Columbia River. This is near the White 
Bluffs Ferry landing, established in the 1880s and used until the early 
1 940s. There are no longer remnants of the ferry landing or buildings, 
although the site is still used as a boat launch. Traps were installed in 
a depression created by road construction and maintenance that was 
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FIGURE 1. Map of the Hanford Site (including the Hanford Reach National Monument and other federally managed properties) and collecting 
localities, depicting all known ephemeral and permanent water bodies. 
approximately 55 m long, IS m wide, and 3-4 m deep. Ten pitfall traps 
were set at 10-m intervals and maintained from April 2002 through April 
2003. 
Trapping method 
We used un-baited pitfall traps constructed from 500-ml deli cups 
containing a I: I mixture of propylene glyco1:water as a preservative and 
killing agent. Each trap included a baffle system to increase the effective 
trap diameter, after Morrill et aL (1990). Traps were covered with a 
square, flat lid to minimize debris, disturbance by predators, and flooding 
from precipitation. 
Trap containers were removed from the field every week or 2 
(depending on weather conditions) and replaced with fresh containers. 
Samples were processed in the lab. Parasitized hosts were detected when 
worms partly emerged from the abdomen while in the preservative in 
traps. These specimens were preserved in vials with 70% EtOH for further 
study. Ground beetles were identified to species using keys found in 
Lindroth (1961, 1966, 1968, 1969) and rhaphidophorids identified using 
keys in Vickery and Kevan (1985). 
Parasite material and microscopy 
Worms were carefully removed from their hosts and the anterior, 
posterior, and a 15-20-mm midsection of each was placed in fresh 70% 
ethanol. The remaining parts of each worm were placed in 100% ethanol 
at -80 C for genetic analysis. The posterior end of each worm was 
examined for species-level characters. In addition, a cuticle preparation 
was made from each specimen for study by light microscopy. A 0.5-mm 
section was taken from the worm's midsection and the underlying tissue 
was removed using a razor blade. The cuticle was placed onto a slide with 
water, ensuring that part of the cuticle was folded under to allow for 
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TABLE L Collection data for gordiids and hosts. 
Host species Collection site Date 
A. Gordionus sp. 
Calosoma luxatum Say Sand dunes 28-Mar-98 
Poecilus lucublandus Say West Lake 18-Apr-98 
Cymindis planipennis Le Conte Rattlesnake Ridge 4-Apr-98 
Amara discors Kirby Rattlesnake Ridge 18-Apr-98 
Amara quenseli Schoenherr Rattlesnake Ridge 9-Apr-99 
A. quenseli Schoenherr White Bluffs Ferry 22-Apr-02 
Calathus ruficollis (Dejean) White Bluffs Ferry 22-Apr-02 
C ruficollis (Dejean) White Bluffs Ferry 4-Apr-03 
C ruficollis (Dejean) White Bluffs Ferry II-Apr-03 
B. Neochordodes occidentalis 
Ceuthophilus sp. White Bluffs Ferry 4-May-02 
Ceuthophilus vicinus Hubbell White Bluffs Ferry 8-Jun-02 
No. infected 
hosts F 
0 
0 
0 
I 
It 
2 I 
22t 9 
6§ 6 
I 0 
I 0 
It 
Nematomorphs 
M 
I, unknown sex 
I 
IS 
4 
I 
No. uninfected 
hosts' 
32 
35 
9,020 
37 
1,373 
10 
4,063 
4,063 
4,063 
no data 
no data 
* Total uninfected hosts are given for the indicated collection locality only and includes all specimens collected at that site throughout the study. The total number of each 
species collected during the entire study is much higher. 
t Specimen with 2 emergent worms. 
t Two specimens with 2 emergent worms. 
§ Two specimens with 3 emergent worms. 
investigation of cuticle structures from a lateral view. Worms were 
identified by their posterior and cuticle structures based on the key and 
photomicrographs provided by Schmidt-Rhaesa et aI. (2003). 
Molecular methods 
Molecular work was conducted on 2 individuals of each of the 2 types of 
worms collected. From each worm, a 0.5-cm section was cut, dried at 
room temperature, and used for DNA extraction using the E.Z.N.A@ 
Mollusc DNA Kit (Omega Bio-tek, Norcross, Georgia) following the 
manufacturer's instructions. Extracted DNA was stored at -70 C. Partial 
sequences of 18S and 28S rDNA, and complete coxl, were amplified using 
GoTaq® Flexi DNA Polymerase (Promega Corp. Madison, Wisconsin). 
The primers used were: HHW28S-00IF: CCG ATT TCC GAC CTC 
AGA T; HHW28S-1175R: ACC CAGGTTTGA CGA TCG ATTTGC; 
G18SIF, TAC CTG GTTGAT CCT GCC AGT AG; 18S1018R, TAT 
CTG ATC GCC TTC GAA CC; LC01490: GGT CAA CAA ATC ATA 
AAG ATA TTG G; HC02198: TAA ACT TCA GGG TGA CCA AAA 
AAT CA, using standard PCR protocols. PCR reactions were analyzed by 
agarose gel electrophoresis, with the use of 1.0% agarose gels, stained with 
0.5% GelRed Nucleic Acid Gel Stain (Biotium, Hayward, California) and 
visualized on a UV transilluminator. Amplicons were purified by ethanol 
precipitation and sequenced using the BigDye® version 3.1 kit (Applied 
Biosystems, Foster City, California) on an ABI 3130x sequence analyzer 
(Applied Biosystems). Both strands of the amplified DNA fragments were 
sequenced, edited in Sequencer version 4.10.1 (Gene Codes, Ann Arbor, 
Michigan), and manually corrected for ambiguous base calls. 
DNA sequences were compared to other sequences in the GenBank 
database using BLAST (Altschul et aI., 1990), applying the distance tree of 
results utility employing the Fast Minimum Evolution model (Jukes and 
Cantor, 1969) associated with BLASTN to infer phylogenetic relation-
ships. For coxl, sequences were aligned by eye, along with 30 other 
unpublished nematomorph and outgroup coxl sequences, with third 
position codons removed. jModelTest (Posada, 2008) was used to select 
the best fitting nucleotide substitution model using the Akaike informa-
tion criterion. Mega 5.0 (Tamura et aI., 2007) was used to produce a 
maximum likelihood (ML) tree. 
RESULTS 
We captured 36 carabid individuals that belonged to 6 species, 
I rhaphidophorid species, and 1 rhaphidophorid identifiable only 
to genus, that were infected with horsehair worms (Table I). 
Parasitized specimens were obvious due to the worm protruding 
from the host's abdomen (Fig. 2). The majority of parasitized 
individuals (n = 29) were from 1 beetle species, Calathus ruficollis 
Dejean, predominantly collected during a single trapping intervaL 
All parasitized beetles were captured in the spring, between late 
March and ApriL However, most species were active throughout 
the year and actual peak seasonal activity varied by species. For 
instance, Calosoma luxatum Say was collected most frequently in 
the spring, while peak activity period for the other species ranged 
from early summer (Poecilus lucublandus Say) through late fall 
(Amara discors Kirby) (see Looney [2000] for detailed carabid 
seasonality data). One parasitized rhaphidophorid was captured 
in early May and the other in June, We did not collect data for 
non-infected rhaphidophorids. 
10mm 
FIGURE 2. Amara quenseli with protruding Gordionus sp. This host 
contained 2 worms, a female (thicker, lighter color) and a male (thinner, 
darker color). 
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A total of 46 worms was collected from the 38 hosts. Multiple 
infections were observed in 5 beetles and I camel cricket (Table I); 
4 hosts each with 2 worms and 2 hosts each with 3 worms. Five 
cases of multiple infections were composed of at least I male and 
I female worm. The frequency of emerging worms was generally 
low for the total number of carabid beetles captured; data were 
not collected for camel crickets (Table I). 
Worms collected from the cricket hosts contained only a single 
type of cuticular areole. The male posterior was undivided, 
without tail lobes, and some specimens contained a slight ventral 
groove. Based on these characters, we determined this species to 
be Neochordodes occidentalis (Montgomery, 1898). Worms from 
the beetles contained a single type of cuticular areole with 
interareolar tubercles. Male worms from the beetles possessed 2 
tail lobes, precloacal rows of bristles, postcloacal spines, and 
adhesive warts. Based on these characters, this is a Gordionus 
species. However, the presence of distinct interareolar structures 
makes this a new species which will be formally described 
elsewhere. 
Amplification products of appropriate size were obtained for 
all 3 genes for both individuals of N. occidentalis. However, for 
Gordionus sp., PCR with coxl failed to produce bands for either 
worm individual. Genetic data were deposited into GenBank 
(GenBank JN881995-JN882004). The amplified fragments were 
about 1,125 base pairs (bp) for 28s, about 950 bp for 18S, and 
700 bp for cox!. 
Presently, GenBank contains very little information for the 
Nematomorpha (20 sequences for 18S, 5 sequences for 28S, and I 
coxl sequence). This data limitation, especially for 28S and coxl, 
does not allow us to place either of these species into a 
phylogenetic context, but it does allow us to check our genetic 
data against contamination and broadly place these species into 
the phylum. Furthermore, the limitation of coxl sequences makes 
the BLAST tool unsuitable for this gene. For 28S, the BLAST 
search and distance tree revealed that the sequences obtained for 
N. occidentalis and Gordionus sp. were most closely related to the 
only 3 hairworm 28S sequences presently in GenBank. For 18S, 
the closest matches were N. occidentalis (AF421768; max score: 
1655, max identity: 100%, e-value: 0) and Gordionus wolterstorffii 
(AF421765; max score: 1646, max identity: 99%, e-value: 0) for N. 
occidentalis and Gordionus sp., respectively. The model chosen by 
the jModelTest for coxl was TIMI+I+G. The ML tree showed 
that N. occidentalis was placed among other N. occidentalis from 
New Mexico and Arizona, whereas the Gordionus sp. was placed 
between the larger group of Chordodes species and Gordius species 
(data not shown). All of these results taken together strongly 
suggest that DNA sequences were from hairworms and not 
contaminants. 
Voucher specimens for parasites are deposited at the Museum 
of Southwestern Biology, Division of Parasitology, University of 
New Mexico, Albuquerque, New Mexico. (accession numbers 
MSB: Para: 941-942). Insect host specimens are tagged as 
voucher specimens and have been deposited in the James 
Entomological Collection, Washington State University, Pull-
man, Washington. 
DISCUSSION 
This study presents an informative dataset focused on the 
terrestrial definitive hosts, with host data available for each worm 
individual. Since most hairworms are collected in their post-
parasitic, free-living form, knowledge of host associations remains 
sparse. In fact, host data are only available for 8 of the 18 
described North American species (Schmidt-Rhaesa et aI., 2003; 
Poinar and Chandler, 2004; Schmidt-Rhaesa et aI., 2009). This 
report adds I species, Ceuthophilus vicinus, to the known hosts of 
N. occidentalis. Previous host reports were of a "large grasshop-
per" (Montgomery, 1900), an acridid (Ward and Whipple, 1918), 
and the katydid genus Pediodectes and multiple species of 
Stenopelmatus (Jerusalem crickets) (Poinar and Wiessman, 
2004). Of the 34 Gordionus species recorded from Europe, hosts 
include myriapods, coleopterans, and dermapterans (Schmidt-
Rhaesa, 1997; Poinar et aI., 2004). This paper identifies a third 
host record for a North American Gordionus, in addition to 
Stenopelmatus sp. (Poinar and Wiessman, 2004) and the millipede 
Cambala annulata (Schmidt-Rhaesa et aI., 2009). 
Although our data are too sparse for statistical analysis, we are 
intrigued by the observation that 5 of the 6 multiple-worm 
infections included both male and female specimens. This sample 
size is quite small and does not account for sex differences in 
development and emergence but, even so, raises questions about 
nematomorph ecology including mate-finding and effects on host 
behavior. Multiple infections of nematomorphs occur in from 
8-15% of hosts (Poulin, 1995; de Villalobos et aI., 1999; Thomas 
et aI., 2002), and multiple-sex infections could increase the 
likelihood of finding a mate after exiting the developmental host. 
Nematomorphs instigate erratic locomotory behavior and a 
greater propensity to enter water in their hosts (Thomas et aI., 
2002). The majority of parasitized beetles recognized in this study 
were trapped at I site near water during a single collecting period, 
perhaps indicating an aggregative effect of hairworms on their 
hosts (Table I). On the other hand, several other hosts were 
captured in collecting localities relatively far (-5 km) from the 
nearest water (Fig. I; Rattlesnake Ridge slope, Sand Dunes). Five 
of the carabid host species are normally capable of flight, 
indicative of the important role carabids may play in nemato-
morph dispersal, though it is not known if parasitization by 
hairworms impairs flight. Even if flight ability is curtailed when 
parasitized, carabids may still contribute to wide nematomorph 
dispersal; the host Calosoma luxatum, trapped at the Sand Dunes 
site several kilometers from water, is a flightless species. 
Although we only report obvious cases of parasitism, i.e. 
emergent, mature nematomorphs, prevalence seems to be quite 
low. Confirmed hosts comprised only a tiny fraction of all beetles 
of each parasitized species. Based on beetles captured at a specific 
locality, observed parasitism by host species ranged from 0.01 % 
(Cymindis planipennis) to 16% (Amara quenseli) (Table I). These 
numbers are considerably lower if calculated for the total number 
of each host species captured during the entire study, with the 
highest observed parasite frequency dropping to 3.5% (for 
Poecilus lucublandus) and the lowest to 0.007% (for Calathus 
ruficollis). 
We did not examine any of these specimens for evidence of 
internal or already emerged parasites, nor did we likewise examine 
any of the other 36,533 carabid beetles captured during this study. 
Thus, these observed parasitization rates are likely underesti-
mates. The 6 carabid species discussed here are out of a total 
captured carabid fauna of 93 species, 2 of which are also known 
hosts for nematomorphs (Leffier, 1984; Bolek and Coggins, 2002). 
This suggests that the hosts we observed were but a serendipitous 
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subsample of the total potential host population and that several 
other beetle species may have harbored nematomorphs as well. 
Larochelle (1978) summarized the existing knowledge of carabid 
parasites worldwide in 1978, noting several gordiid host records. 
Poinar et al. (2004) expanded upon that list, adding 3 new host 
records and the first parasite records for a species of Parachordodes 
in North America. Currently, carabid genera in North America 
with documented gordiid parasites include Amara (present report), 
Calathus (present report), Calosoma (present report), Chlaenius 
(Leffler, 1984; Hanelt and Janovy, 2000), Cymindis (present 
report), Gastrellarius (Leidy, 1856), Harpalus (present report; 
Tomlin, 1975), Poecilus (present report), and Pterostichus (Goulet, 
1974; Bolek and Coggins, 2002; Poinar et aI., 2004), The most 
gordiid hosts recorded are from Pterostichus, 
Including the species presented in this report, there are at least 79 
known carabid hosts of horsehair worms. Sixty-three of these, or 
80%, are known from Europe. However, the paucity of North 
American records surely indicates a lack of study rather than a 
diminished number of suitable carabid hosts. The present report and 
a handful of papers published in the past 25 yr in the United States 
add 11 carabid hosts to the 3 documented before 1984, a dramatic 
and relatively recent increase in our knowledge of North American 
carabid-gordiid interactions. Similarly, Poinar and Weissman (2004) 
reported several new host records for horsehair worms and 
mermithids parasitizing orthopterans, including the first records 
of nematodes parasitizing the species of Stenopelmatidae (Orthop-
tera). Taken together, these papers and our results indicate that 
nematomorph-arthropod associations remain poorly documented 
in North America, with many more likely to be discovered, 
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HELMINTH PARASITES OF HYPSIBOAS PRASINUS (ANURA: HYLIDAE) FROM TWO 
ATLANTIC FOREST FRAGMENTS, SAO PAULO STATE, BRAZIL 
Carla Bonetti Madelaire, Fernando Ribeiro Gomes*, and Reinaldo Jose da Silvat 
Universidade de Sao Paulo, Instituto de Biociencias, Departamento de Fisiologia, Sao Paulo, Sao Paulo, Brazil. e-mail: cmadelaire@yahoo.com.br 
ABSTRACT: Seventy-seven males of Hypsiboas prasinus from 2 Atlantic forest fragments in the municipalities of Botucatu and Jundiai, 
Sao Paulo State, Brazil, were examined for endoparasites. The frogs were captured in summer (January until March) and winter (July/ 
August) of 200S and 2009. Thirty-three males (75%) from Botucatu were infected with Rhabdias cf. fuelleborni, cosmocerciid 
nematodes, and Cylindrotaenia americana. Twenty-five tree frogs (7S.5%) from Jundiai were infected by Rhabdias cf. fuelleborni, 
Physaloptera sp., and cosmocerciid nematodes. Only cosmocerciid nematodes presented a statistically significance difference in 
prevalence (z = 4.345; P < 0.001) and mean abundance (t = 562.0; P < 0.001) between Botucatu and Jundiai during the winter. Also, 
the cosmocerciids exhibited higher mean abundance (t = 196.0; P = 0.034) in winter when compared with summer at the Jundiai site. 
Moreover, to our knowledge, this is the first report of C. americana in the Brazilian Hylidae. This study presents 4 new records of 
nematodes in H. prasinus. 
The Brazilian Atlantic Forest possesses an extraordinary 
biodiversity, with a high level of endemism in several phylogenetic 
groups, including anurans (Cruz and Feio, 2007). Nevertheless, 
one of the poorest understood aspects of anuran ecology in the 
Brazilian Atlantic Forest is the parasite community. Although the 
first report on amphibian nematodes from Brazil was made by 
Travassos (1917), published studies on the parasite fauna have 
been increasing only in the last few decades (Travassos et aI., 
1969; Vicente et aI., 1991; Boquimpani-Freitas et aI., 2001; Luque 
et aI., 2005; Campi1io et aI., 2009; Pinhl'io et aI., 2009; Campi1io 
et aI., 2010). Despite the large numbers of tree frogs from 
Hypsiboas spp. in Brazil, especially in the Atlantic Forest, the 
study by Holmes et al. (2008) on Hypsiboas albopunctatus Spix, 
1824, is the only report on parasite community conducted on 
species in this genus since the inventory made by Vicente et al. 
(1991). 
Within the South American tree frogs, the Hypsiboas pulchella 
group is a particularly large one, with 25 recognized species 
(Faivovich et aI., 2004). Hypsiboas prasinus Burmeister, 1856, is in 
the Hypsiboas pulchella species group, occurring in the Atlantic 
Forest in south and southeastern Brazil, Uruguay, and Argentina, 
particularly at moderate altitudes. This is a good species for a 
study of seasonal variation of the parasite community, given that 
they reproduce throughout the year despite significant seasonal 
changes in temperature and rainfall (Haddad and Sazima, 1992; 
Ribeiro et aI., 2005; Kiss et aI., 2009). They are thus exposed to 
parasite infection for a longer period when compared to species 
that concentrate biological activity during the rainfall season. In 
this way the study of this anuran species can generate information 
about the parasitism in a season poorly known for amphibian 
species in general. The objective of the present study is to compare 
the helminth community of H. prasinus from 2 areas of the 
Atlantic Forest with previously described hylid helminth fauna 
from Brazil. 
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MATERIALS AND METHODS 
Specimens of H. prasinus (n = 77) were collected from 2 localities in the 
State of Sao Paulo, Brazil, i.e., Recanto Sacae Watanabe, municipality of 
Botucatu (4S030'W, 22°59'S) and Serra do Japi, municipality of Jundiai 
(46°52'W, 23°11 'S). The latter area is considered an ecotone of a semi-
deciduous and ombrophilous forests, at an altitude range from 700 to 
1.300 m and an area of 350 km2 (Leitao-Filho, 1992). The study area in 
Botucatu is a typical semi-deciduous stational forest and has an altitude of 
832 m. In these habitats, summer includes a wet/warm season from 
October to March, whereas winter is a dry/mild season from April to 
September (Tubelis et aI., 1971; Pinto, 1992). All captured specimens were 
males, and collections were concentrated during summer (January-March 
2009) and winter (july-August 200S/2009). 
Animals were hand-captured, transported to the laboratory, and killed 
using a sodium tiopental solution. The digestive tract, body cavity, lungs, 
liver, and urinary bladder of each individual were examined using a 
stereomicroscope. Helminths were fixed in alcohol-formaldehyde-acetic 
acid and preserved in 70% ethyl alcohol. For identification, cestodes were 
stained with carmine and nematodes cleared with lactophenol. Voucher 
parasite specimens were deposited in the Cole<;ao Helmintol6gica of the 
Departamento de Parasitologia, Instituto de Biociencias, Universidade 
Estadual Paulista-UNESP, Botucatu, Sao Paulo State, Brazil. The species 
identification was based on Jewell (1916), Stumpf (l9S1/19S2b), Vicente 
et al. (1991), and Yamaguti (1959,1961). Ecological terminology followed 
Bush et al. (1997). 
We tested for differences between localities within seasons and between 
seasons within localities on prevalence using the z test, and on mean 
intensity of infection and mean abundance using the Mann-Whitney 
U-test. The mean species richness among seasons and localities was 
compared using t-test. Statistical significance level was set at P :5 0.05. All 
statistics analyses were performed using Sigma Stat 3.10 (Systat Software, 
Chicago, Illinois). 
RESULTS 
A total of 77 males of H. prasinus was included in the present 
study, 44 specimens from the Botucatu fragment (19 in summer 
and 25 in winter) and 33 from the Jundiai fragment (15 in summer 
and 18 in winter). From the specimens collected in Botucatu, 33 
were infected by at least 1 species of helminth (prevalence = 75%); 
each infected tree frog had from I to 63 endoparasites. In total, 
329 helminths of 3 taxa were recorded: Rhabdias cf. fuelleborni 
Travassos, 1926 (n = 148), unidentified cosmocerciid nematodes 
(n = II), and Cylindrotaenia americana Jewell, 1916 (n = 57). The 
infection sites included the lungs and intestine; R. cf. fuelleborni 
was the most prevalent species, followed by C. americana 
(Table I). 
We found 25 parasitized tree frogs from Jundiai (prevalence = 
75.8%), with from I to 11 endoparasites. In total, 101 helminths 
TABLE I. Locality, season, prevalence, mean intensity of infection, mean abundance, and site of infection of parasites in Hypsiboas prasinus from Silo Paulo, Brazil. * 
Botucatu lundiai 
Species Season P (%) MIl MA P (%) MIl MA Site of infection 
NEMATODA 
Rhabdias cf. fuelleborni Summer 53 10.4 ± 47.9 (0-63) 5.2 ± 43.6 (1-63) 53 2.9 ± 2.5 (0-9) 1.5 ± 2.5 (1-9) Lungs 
CRIBB 4898, 4900-4901, 4904--4907, Winter 47.4 3.4 ± 2.9 (0-9) 1.8 ± 2.7 (1-9) 56 5 ± 6.1 (0-21) 2.8 ± 5.1 (1-21) 
4909,4912-4913,4915,4917,4919, 
4923-4924, 4926-4927, 4930-4932, 
4944, 4947-4948, 4950-4951, 4955, 
4959,4963,4965,4967,4973-4974, 
4977, 4979, 4982, 4984, 4986 
Cosmocerciid nematodes Summer 21 1.3 ± 0.4 (0-1) 0.3 (0-1) 47 2.3 ± 0.7 (0-6) l.l ± O.4a (1-6) Smallb and large intestines 
CRIBB 4903, 4916, 4918, 4929, 4933, Winter 121 2 ± 1.7 (0-4) 0.2 ± 0.81 (1-4) 832 3.6 ± 1.0 (0-15) 3 ± 0.9b2 (I-IS) 
4938-4939,4949,4952-4954,4956-
4958,4960-4962,4964,4966,4968-
4972,4975-4976,4978,4980-4981, 
4983, 4985, 4987-4988 
Physaloptera sp. Summer Stomach 
CRIBB 4945 Winter 6.6 0.47 ± 1.8 (0-7) 7 (7) 
CESTODA 
Cylindrotaenia americana Summer 35 2.3 ± 2.3 (0-4) 0.8 ± 2.2 (1-4) Small intestine 
CRIBB 4899, 4902, 4908, 4910-4911, 4914, Winter 36 4.6 ± 3.7 (0-12) 1.6 ± 3.1 (1-12) 
4920-4922,4925,4928,4934--4936, 
4941-4942 
• CHIBB = Cole9ao Helmintol6gica do Instituto de Biociencias de Botucatu; MA = aean abundance; MIl = mean intensity of infection; P = prevalence. All values are represented by mean ± standard error (range). 
Different letters in winter/summer in lundiai fragment represent P < 0.05; different numbers in winter in lundiailBotucatu fragments represent P < 0.05. 
b Only 3 animals are parasitized in the small intestine in winter, and 2 animals in summer. 
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of 3 taxa were recorded: R cf. fuelleborni (n = 73), Physaloptera 
sp. Rudolphi, 1819 larvae (n = 7), and cosmocerciid nematodes 
(n = 70). Cosmocerciid nematodes were the most prevalent 
species (Table I). 
The helminth communities of H prasinus in both locations and 
seasons presented few differences. The total richness in both 
localities was very similar (2 species in Jundiai/winter and 3 
species in the other localities/seasons). The mean species richness 
did not differ between localities/seasons (Jundiai/winter = 1.39, 
Jundiai/summer = 1.07, Botucatu!winter = 1.00, and Botucatu! 
summer = 1.11) (P = 0.474). The cosmocerciid nematodes in 
Jundiai exhibited higher mean abundance (t = 196.0; P = 0.034) 
in winter when compared to summer. Prevalence (z = 4.345; 
P < 0.001) and mean abundance (t = 562.0; P < 0.001) for 
cosmocerciids during winter were also higher in Jundiai when 
compared to Botucatu (Table I). 
DISCUSSION 
Four helminth taxa infected H prasinus in the present study: R. 
cf. fuelleborni, C. americana, Physaloptera sp., and cosmocerciid 
nematodes. All cosmocerciid nematodes found in H prasinus were 
females, a common finding in inventories of helminthfauna of 
amphibians from Brazil (Vicente et aI., 1991; Pinhlio et aI., 2009), 
which precludes their identification below the family level. 
Among these parasites, only C. americana has not been 
previously found in other Brazilian hylids. This cestode species 
was present only in the Botucatu locality. It has been postulated 
that the diversity of parasite species in a given host is dependent 
upon the probability of parasites species colonizing it, with 
parasite richness depending on the host population density and 
host geographic range (Poulin and Morand, 2000). Cylindrotaenia 
americana has a direct life cycle, and the tetrathyridium larvae 
develop in the mucous membrane of the small intestine of the 
adult amphibian hosts (Stumpf, 1981/1982a). The H prasinus 
population at Botucatu includes approximately 350 animals 
(Scarpellini-Junior, 2007) and, at Jundiai, a maximum of 90 
individuals (Haddad, 1991). Thus, the absence of C. americana 
in Jundiai region may be associated with the differences in 
population size between the 2 localities. 
Cosmocerciid nematodes and R cf. fuelleborni were the most 
prevalent nematode species in H prasinus. Infection by cosmo-
cerciids occurs via penetration of the infective larvae through the 
host's skin (such as Cosmocerca spp.) or by the ingestion of 
parasite eggs or larvae (such as Aplectana spp.) (Anderson, 2000). 
Rhabdias spp. has a direct life cycle, alternating between free-
living and parasite stages, with the host infection also occurring 
by active skin penetration (Anderson, 2000). The active mecha-
nism of infection might explain the higher prevalences of these 
helminths in comparison to the species characterized by infection 
through ingestion of infective forms of the parasites, such as 
C. americana (Stumpf, 198111982a). 
Our data also show a higher prevalence of Cosmocercidae and 
R cf. fuelleborni when compared to the studies by Holmes et al. 
(2008) and Campiiio et al. (2010), who reported a Rhabdias sp. 
prevalence of 8.6% and 3.1 % for H albopunctatus and Pseudis 
platensis Gallardo, 1961, respectively, and a cosmocerciid 
nematode prevalence of 5.7% and 3.1 % for H albopunctatus 
and P. platensis, respectively (Holmes et aI., 2008; Campiiio et aI., 
2010). The latter authors reported a high prevalence of trematodes 
in P. paradoxa, which is a semi-aquatic anuran. The aquatic habitat 
facilitates trematode transmission, which almost always requires 
snails as an intermediate host. Holmes et al. (2008) conducted their 
study in a savanna area, which is characterized by dry conditions 
during winter, possibly creating difficulties for nematode survival. 
In contrast, the warm/damp Atlantic Forest (in both winter and 
summer) associated with arboreal and terrestrial preference of H 
prasinus may favor helminths with direct life cycles. 
Although species of Physaloptera parasitize all classes of 
terrestrial vertebrates, only non-encysted larvae are normally 
found in amphibians of the Neotropical region (Vicente et aI., 
1991; Goldberg and Bursey, 2008; Gonzalez and Hamann, 2008), 
indicating that these nematodes are unlikely to complete their life 
cycles in these hosts. Anderson (2000) reported a similar 
observation with Rana pipiens Schreber, 1782, and Thamnophis 
sirtalis Linnaeus, 1766. According to this author, Physaloptera sp. 
larvae in these hosts attached to the stomach and persist for a 
prolonged period without development, suggesting that R. pipiens 
and T. sirtalis could be acting as paratenic hosts. In the same sense, 
H prasinus may be a paratenic host for Physaloptera sp. 
The helminth fauna found in H prasinus was composed of 3 
families of nematodes commonly reported in other tree frog species in 
South America, North America, and Europe (Goldberg et aI., 1999; 
Boquimpani-Freitas et aI., 2001; Goldberg et aI., 2001; Goldberg and 
Bursey, 2008; Campiiio et aI., 2009; Pinhiio et aI., 2009; Yildirimhan 
et aI., 2009; Campiiio et aI., 2010; D~en and Oguz, 2010). We 
observed differences in parasite species distribution between the 
localities studied. While C. americana is a common helminth in 
Botucatu, there is no record of this species in Jundiai. Moreover, 
Physaloptera sp. was found in only 1 tree frog at Jundiai. However, in 
both regions and seasons, no difference was observed relative to the 
species richness. This observation suggests a small difference in 
component communities of the 2 areas, which may be related to the 
H prasinus pattern of reproduction that occurs throughout the year. 
Also, the parasites can survive inside the hosts more than a year, 
which explains why we did not find differences between seasons. 
Some helminth species were previously reported to infect hylids 
in Brazil, including nematodes, trematodes, and acanthocepha-
lans (Table II). Some of them are also reported in hosts of other 
anuran families (Travassos et aI., 1969; Vicente et aI., 1990). 
Considering that 338 hylid species have been reported in Brazil 
(SBH, 2010), but the helminth fauna has been examined in only 
19, we suggest that the communities of helminths in these 
amphibians are still poorly known, and the present study is an 
important contribution to the knowledge of the helminth fauna of 
Neotropical anurans. 
This study presented 4 new records of endoparasites in H 
prasinus. Moreover, we present the first record of C. americana in 
Hylidae from Brazil. These data contribute to knowledge of 
anuran helminth fauna and its geographical distribution in 
the Atlantic Forest. Additional studies on amphibian species 
in Atlantic Forest are clearly needed to increase knowledge 
regarding amphibian helminth fauna and its ecological relations. 
ACKNOWLEDGMENTS 
Collections were made under permit from Brazilian IBAMA (no. 17300-
I) and Water and Sewer Departament (DAE, Jundiai); laboratory data 
obtained under permit from the Ethics Committee on Animal Experi-
mentation (CEEA no. 70108). We also are grateful R. A. Santos, B. Titon 
Jr., E. H. Moretti, T. R. Alvarez, A. C. I. Kiss, H. A. Q. Nomura, A. F. 
MADELAIRE ET AL.-HELMINTH PARASITES OF HYPSIBOAS PRASINUS 563 
TABLE II. Helminth species previously reported in hylids from Brazil. 
Helminth species 
Acanthocephala 
Cystacanths (Centrorhynchidae) 
Nematoda 
Rhabdias sp. Stiles and Hassall, 1905 
Rhabdias cf. fuelleborni Travassos, 1926 
Aplectana sp. Railliet and Henry, 1916 
Aplectana lopesi Silva, 1954 
Ochoterenella digiticauda Esslinger, 1986 
Oswaldocruzia sp. Travassos, Freitas, and Lent, 1939 
Oswaldocruzia subauricularis Travassos, 1917 
Cosmocercidae sp. Travassos and Freitas, 1942 
Cosmocerca sp. Diesing, 1861 
Cosmocerca brasiliensis Travassos, 1925 
Cosmocerca freitasi Silva, 1954 
Cosmocerca travassosi Rodrigues and Fabio, 1970 
Cosmocerca. parva Travassos, 1925 
Cosmocerca podicipinus Baker and Vaucher, 1984 
Falcaustra mascula Freitas and Lent, 1941 
Oxyascaris sp. Travassos, 1920 
Physaloptera sp. Rudolphi, 1919 
Pteroxyascaris similis Freitas, 1958 
Pteroxyascaris caudacutus Freitas, 1958 
Railietinema simples (Travassos, 1925) Travassos, 1927 
Railietinema minor Freitas and Dobbin Jr., 1961 
Thelandros oswaldocruzi Travassos, 1925 
Trematoda 
Neohaematoloechus neivai Travassos, 1921 
Gorgoderina parvicava Travassos, 1921 
Catadiscus sp. Cohn, 1904 
Catadiscus uruguayensis Freitas and Lent, 1939 
Glypthelmins palmipedis Lutz, 1928 
Glypthelmins vitellinophilum Dobbin Jr., 1958 
Host Reference 
Dendropsophus microcephalus Cope, Azevedo-Ramos et aI., 1998 
1886; Scinax nebulosus Spix, 1824; Scinax 
trilineatus Hoogmoed and Gorzula, 1979 
Hypsiboas albopunctatus Spix, 1824; 
Pseudis platensis Gallardo, 1961 
H. albopunctatus; Itapotihyla langsdorffii 
Dumeru and Bibron, 1841; Trachycephalus 
mesophaeus Hensel, 1867; Dendropsophus 
microps Peters, 1872; Hypsiboas pardalis 
Spix, 1824; Scinax acuminatus Cope, 1862 
Scinaxfuscovarius Lutz, 1925 
H. albopunctatus; T. mesophaeus 
Hypsiboas boans Linnaeus, 1758 
Hypsiboas faber Wied-Neuwied, 
1821; T. mesophaeus; Phyllomedusa 
burmeisteri Boulenger, 1882 
Phyllomedusa hypochondrialis Daudin, 1800 
H. albopunctatus; P. platensis; 
Trachycephalus nigromaculatus Tschudi, 1838 
H. faber 
S. fuscovarius 
H. faber 
S. fuscovarius 
Scinax fuscomarginatus Lutz, 1925 
H. albopunctatus;· H. faber 
Scinax nasicus Cope, 1862; 
Trachycephalus typhonius Linnaeus, 1758 
H. faber; Dendropsophus microcephalus 
H. faber 
Scinax nasicus 
H. faber 
Phyllomedusa hypochondrialis 
Phyllomedusa mesophaea 
Pseudis paradoxa 
P. paradoxa 
P. platensis 
Pseudis limellum 
P. paradoxa; P. platensis 
Hypsiboas raniceps; P. limellum 
Holmes et aI., 2008; Campiao et aI., 2010 
Vicente et aI., 1991 
Vicente et aI., 1991 
Vicente et aI., 1991 
Gon~alves, 2002 
Vicente et aI., 1991 
Vicente et aI., 1991 
Holmes et aI., 2008; Campiao et aI., 
2010; Vicente et aI., 1991 
Vicente et aI., 1991 
Vicente et aI., 1991 
Vicente et aI., 1991 
Travassos, 1925, 1931; Silva, 1954; 
Fabio, 1982; Baker and Vaucher, 1984 
Vicente, 1990; Boquimpani-Freitas et aI., 
2001; Goldberg et aI., 2007; Goldberg 
et aI., 2009 
Vicente et aI., 1991; Goldberg et aI., 2007; 
Holmes et al., 2008 
Vicente et al., 1991 
Vicente et aI., 1991; Goldberg et aI., 2002 
Vicente et aI., 1991 
Vicente et al., 1991 
Vicente et aI., 1991 
Vicente et al., 1991 
Vicente et al., 1991 
Travassos et aI., 1969 
Travassos et aI., 1969 
Campiao et aI., 2010 
Travassos et aI., 1969; Campiao et aI., 2010 
Travassos et aI., 1969 
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SCHISTOSOMIASIS MAY CONTRIBUTE TO GOBLET CELL CARCINOID OF THE APPENDIX 
Yong Jiang*, Hu Long*t, Ting Lit, Weiya Wang, Huawei Liu§, and Xiuhui Zhang II 
Department of Pathology, West China Hospital, Sichuan University, Chengdu 610041, Sichuan Province, China. e-mail: xiuhuCzhang@yahoo.com 
ABSTRACT: To investigate whether schistosomiasis can contribute to appendiceal goblet cell carcinoid, appendix samples were obtained 
from 3 patients with combined appendiceal schistosomiasis and goblet cell carcinoid (CSG), 6 patients with goblet cell carcinoid only 
(GeC), 12 patients with appendiceal schistosomiasis only (ASO), and 12 cases with normal appendix (NA), all of similar gender ratio and 
age distributions. Hematoxylin and eosin-(H&E) stained sections were studied in 3 CSGs and 12 ASOs to diagnose schistosomiasis by 
detecting schistosome eggs. H&E and alcian blue/PAS-stained sections and immunohistochemistry of CgA and CEA were employed to 
establish the diagnosis of GCC in the 3 CSGs and 6 GCCs. Then, to determine whether schistosomiasis can contribute to GCC, 
immunostaining patterns of CgA and Ki67 in mucosal crypt epithelia were investigated and compared among all 33 cases. Our results 
revealed typical histological and immunohistochemical phenotypes of GCC in the 3 CSGs and 6 GCCs and schistosome egg deposits in 3 
CSGs and 12 ASOs. We found that the expression levels of both CgA and Ki67 in mucosal crypt epithelia were significantly higher in CSG 
than in GCC (P < 0.05 = 0.013 and P = 0.004, respectively). Moreover, high expression levels of both CgA and Ki67 in mucosal crypt 
epithelia favor ASO as compared to NA (P < 0.001 = 3.4 X 10-6 and 3.1 X 10-5, respectively). Our findings suggest that appendiceal 
schistosomiasis was associated with increased proliferation and neuroendocrine differentiation of mucosal pluripotent crypt cells and that it 
may contribute to GCC, which is documented to originate from mucosal pluripotent crypt cells in mucosal crypt epithelia. 
Schistosomiasis is a parasitic disease caused by several species 
of Schistosoma. In China, Schistosoma japonicum is prevalent 
endemically. Although it causes a relatively low mortality, 
schistosomiasis is often a chronic illness that can ultimately 
impair visceral functions. Goblet cell carcinoid (GCC) of the 
appendix, currently classified as a neuroendocrine tumor, is 
characterized by a combined phenotype of both neuroendocrine 
and epithelium differentiation. It is currently believed that GCC 
stems from pluripotent crypt cells in mucosal crypt epithelium 
which are transformed and able to invade submucosa but not the 
mucosa (Warner and Seo, 1979; Isaacson, 1981; Goddard and 
Lonsdale, 1992). Pluripotent crypt cells can differentiate into both 
neuroendocrine and epithelium, which is consistent with the 
neuroendocrine and epithelium phenotype of GCC. It has long 
been shown that schistosomiasis is associated with various gut 
pathologies including colorectal carcinoma (Ch'en et aI., 1965; 
Ibrahim, 1977; Hashimoto et aI., 1986; Jatzko et aI., 1997; Zhang 
et aI., 1998), lymphoma (Chirimwami et aI., 1991), rectal 
carcinoid (Satti et aI., 1988), and bladder cancer (Parkin, 2006; 
Nair et aI., 2011). Specifically, the International Agency for 
Research on Cancer (1994) considered that Schistosoma haema-
tobium is carcinogenic to humans (group 1 carcinogen) and S. 
japonicum is possibly carcinogenic to humans (group 2B 
carcinogen). Our previous study revealed the co-occurrence of 
GCC and schistosomiasis, but we did not delve into this 
association (Jiang et aI., 2010). The present study was designed 
to investigate whether appendiceal schistosomiasis can contribute 
to GCC. To accomplish this goal, we compared CgA and K.i67 
expressions among patients with various combinations of GCC 
and schistosomiasis. 
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MATERIALS AND METHODS 
Clinical specimens from 3 patients with combined appendiceal 
schistosomiasis and goblet cell carcinoid (CSG), 6 patients with GCC 
only, 12 patients with appendiceal schistosomiasis only (ASO), and 12 
people with normal appendix (NA), all of similar genoer ratios and age 
distributions, were obtained from the Department of Pathology of West 
China Hospital, Sichuan University, from 1991 to 2009. In addition, we 
reviewed all the appendectomy specimens in West China Hospital during 
the same time period to identify the general prevalence of appendiceal 
schistosomiasis. The disease was diagnosed by detecting schistosome eggs 
in the appendiceal wall using light microscopy. Histological analysis, 
based on hematoxylin and eosin-(H&E) stained sections, was performed in 
all 33 cases. The diagnoses of GCC in 3 CSGs and 6 GCCs were 
established by H&E histological analysis in conjunction with histochem-
ical stains of alcian blue/P AS staining and immunohistochemistry of CgA 
(Clone: LK2HIO, dilution 1:100, Zymed, San Diego, California) and CEA 
(Clone: MIB-l, dilution 1:100, Zymed). 
As mentioned above, GCC is characteristic for its dual phenotypes 
of neuroendocrine and epithelium. Because CgA and Ki67 are well-
documented immunomarkers for neuroendocrine and epithelial prolifer-
ation, respectively (Scholzen and Gerdes, 2000; D'Herbomez and Gouze, 
2002), we performed immunohistochemistry of CgA and Ki67 to evaluate 
the degrees of neuroendocrine differentiation and epithelium proliferation. 
Immunohistochemistry of CgA (Clone: LK2HIO, dilution 1:100, Zymed) 
and Ki67 (Clone: ZC23, dilution 1:100, Zymed) in mucosal crypt epithelia 
was performed in all 33 cases. The immunohistochemistry analysis was 
performed on deparaffinized, formalin-fixed tissue sections using the 
antibodies mentioned above. Tissue sections were cut at 4 ~ and 
deparaffinized. In addition, the immunostaining was performed manually 
using a streptavidin-biotin complex method following relevant antigen 
retrieval techniques according to standard protocols. For CgA, lung 
carcinoid tissues and normal esophageal smooth muscle tissues were used 
as positive (Fig. 2B) and negative controls (Fig. 2C), respectively. For 
Ki67, small cell lung carcinoma and normal esophageal smooth muscle 
tissues were employed as positive (Fig. 2E) and negative controls 
(Fig. 2F), respectively. A positive finding was defined as the presence of 
yellow-brown-stained cytoplasm for CgA and CEA and of yellow-brown-
stained nuclei for Ki67. For quantification of CgA and Ki67 expressions 
in mucosal crypt epithelia, the number of positive cells per 100 tumor cells 
was counted in each of 10 random, high-power fields (X400) and the mean 
percentage was used as a measure of their positivity. 
Statistical analyses were carried out using SPSS Version 16.0 (SPSS, 
Chicago, Illinois). A Pearson's chi-square test or Fisher's exact test 
(categorical data) and a Student's t-test (continuous data) were used to 
analyze data, and a P-value <0.05 was considered significant. 
RESULTS 
The 3 CSGs were 2 males aged 50 and 1 female aged 64. On 
admission, they all presented with right lower quadrant pain. One 
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Figure I. (A) H&E stain for CSG. Old 
schistosome egg deposits were oval in shape, 
calcified, and can be found in the appendiceal 
wall as indicated by the black arrow. The vicinity 
of these deposit loci showed the hallmarks of 
GCC, i.e., tumor cells with peripheral nuclei and 
tight nests consisting of abundant intracytoplas-
mic mucin (as indicated by the white arrow). (B) 
Histochemical properties. Cells staining blue were 
identified as alcian blue positive and pink as PAS 
positive; tumor nest cells were positive for both 
alcian blue (as indicated by the white arrow) and 
PAS (as indicated by the black arrow). (C) CEA 
stains (an epithelial marker). Positive is defined as 
the presence of yellow- brown-stained cytoplasm. 
Tumor cells showed diffusely and strongly posi-
tive, as indicated by the black arrows. (D) 
Neoplastic cells stained sporadically, focal posi-
tive for CgA (as indicated by the black arrow), 
and the old schistosome egg deposits could also 
be discerned (as indicated by the white arrow). 
male was diagnosed with an ileocecal tumor and underwent 
surgical excision of the tumor. The tumor size was found to be 
40 mm in diameter upon surgery. The other 2 patients were both 
diagnosed with acute appendicitis and underwent surgical 
excision of the appendix. However, during the operations their 
diagnosis was modified to be tumors and subsequent surgical 
excisions were performed. Their tumor sizes were 7 mm and 
15 mm in diameter for the male and the female, respectively. After 
surgery, tumor samples of all 3 patients were examined by 
pathologists and the results were indicative of GCC of the 
appendix. 
There was a total of 15,448 appendectomy specimens from 
Department of Pathology of West China Hospital, Sichuan 
University from 1991 to 2009. Among them, 89 were found to 
have schistosomiasis; thus, the general prevalence of appendiceal 
schistosomiasis was about 0.6%. However, in our previous study, 
we found that there were 3 CSGs from 26 GCCs (Jiang et aI., 
2010). We estimate the prevalence of schistosomiasis in GCC at 
about 11.5%, which is significantly higher than the general 
prevalence of appendiceal schistosomiasis in southwest China as 
analyzed by Pearson's chi-square test (P < 0.05, 6.53 X 10- 4) . 
Using light microscopy, deposits of old schistosome eggs were 
detected in appendiceal walls in all of the 3 CSGs and the 12 
ASOs. Old schistosome egg deposits that were oval in shape, and 
had been calcified, were tightly adjacent to neoplastic cell nests. 
However, eosinophilic abscesses and granulomas were not 
observed, nor were infiltrations of inflammatory cells (Fig. lA). 
Tumors of GCC consist of tight and solid nests of cancerous cells. 
Specifically, neoplastic cells have peripheral nuclei and abundant 
intracytoplasmic mucin, developing a goblet cell or signet- ring-
like morphology (Fig. lA) . Moreover, histochemical results 
showed deposits of schistosome eggs in the 3 CSGs, and both 
alcian blue and PAS were positive for neoplastic cells in all 3 
CSGs (Fig. IB). All of the 3 CSGs and 6 GCCs were diffusely 
and strongly positive for carcinoembryonic antigen (CEA, an 
epithelial marker) and sporadically and focally positive for 
CgA (endocrine marker) (Fig. IC, D). For the 12 ASOs, old 
schistosome egg deposits were also found primarily in appendiceal 
walls. Furthermore, for the 12 NAs, no abnormalities were found 
in the appendiceal walls. All mucosae were intact in all 33 cases. 
We performed immunoexpression of CgA and Ki67 in the 
mucosal crypt epithelia in 3 CSGs, 6 GCCs, 12 ASOs, and 12 
NAs. Student's I-test analysis indicated that the expression levels 
of CgA in mucosal crypt epithelia (Fig. 2A) were significantly 
higher in CSGs than in GCCs (P < 0.05); CgA expression levels in 
ASOs were significantly higher than in NAs (P < 0.05) (Table I). 
Moreover, the expression levels of Ki67 in mucosal crypt epithelia 
(Fig. 2D) were significantly higher in CSGs than in GCCs (P < 
0.05); Ki67 expression levels were significantly higher in ASOs 
than in NAs (P < 0.05) (Table I). 
DISCUSSION 
Schistosomiasis is a chronic parasitic disease mainly affecting 
the gastrointestinal and urinary tracts. Although only a relatively 
small proportion of the infection-related cancers can be attributed 
to helminth infections (Parkin, 2006), they are significant, as the 
number of people exposed or infected worldwide is very high 
(Mayer and Fried, 2007). Their usual central distribution can 
result in foci with an extremely high risk and number of cancer 
cases (Sripa et aI., 2007). Several studies have revealed that 
intestinal schistosomiasis induces various conditions including 
colorectal carcinoma (Ch'en et aI., 1965; Ibrahim, 1977; 
Hashimoto et aI., 1986; Jatzko et aI., 1997; Zhang et aI., 1998), 
lymphoma (Chirimwami et aI., 1991), colorectal carcinoid (Satti 
et aI., 1988), and bladder cancer (Parkin, 2006; Nair et aI., 2011). 
Moreover, Shindo (1976) reviewed 276 cases of large intestine 
cancer combined with schistosomiasis and, on histological 
findings, found significant differences between carcinoma com-
bined with schistosomiasis and carcinoma without schistosomia-
sis, suggesting that schistosomiasis induces carcinoma. Specifi-
cally, Shindo's findings revealed that fibrous stromal reaction 
with subsequent thickening of intestinal walls was present In 
carcinoma combined with schistosomiasis. 
In our study, we found that the general prevalence of 
appendiceal schistosomiasis in southwest China is 0.6%, indicat-
ing that the general prevalence is quite low. The prevalence of 
appendiceal schistosomiasis in GCC is 11.5%, which is signifi-
cantly higher (P < 0.05) than the general prevalence of 
appendiceal schistosomiasis, suggesting that the latter in GCC 
was not accidental. Furthermore, most cases of GCC were 
clinically manifested with signs and symptoms of acute appendi-
citis (Jiang et aI., 2010). These patients might undergo simple 
appendectomy without further pathological examinations for 
GCC, which might underestimate the prevalence of GCC and the 
subsequent association between schistosomiasis and GCe. In 
addition, the microscopic findings that the old schistosome egg 
deposits were tightly adjacent to neoplastic cell nests strongly 
suggest that appendiceal schistosomiasis is associated with GCe. 
Because it is well documented that GCC originates from 
pluripotent crypt cells in mucosal crypt epithelia (Warner and 
Seo, 1979; Isaacson, 1981; Goddard and Lonsdale, 1992), we 
examined the expression levels of these tumor markers in 
mucosal crypt epithelia. Our results revealed that CSGs 
presented significantly higher CgA expressions in mucosal crypt 
epithelia as compared to GCCs (P < 0.05). Moreover, to exclude 
the influence of GCC and to explore the independent role of 
schistosomiasis on CgA expression in mucosal crypt epithelia, we 
compared CgA expression levels between ASO and NA. 
Similarly, the results showed that CgA expression levels in 
mucosal crypt epithelia were significantly higher (P < 0.05) in 
ASOs as compared to NAs. Thus, these findings indicate that 
schistosomiasis can induce increased CgA expressions in mucosal 
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Figure 2. (A) CgA staining for mucosa in CSG. 
Note that the mucosa stains positive for CgA. 
Positive mucosal neuroendocrine cell are profusely 
distributed (as indicated by the black arrows). (B) 
CgA staining for lung carcinoid. Note the yellow-
brown-stained tumor cells, as indicated by the black 
arrows. (C) CgA staining for normal esophageal 
smooth muscle tissues. Note that none of the cells 
were positive for CgA. (D) Ki67 staining for mucosa 
in CSG. Note that the mucosa shows positive 
immunoreactivity for Ki67. Positive, highly prolif-
erative cells are profusely distributed (as indicated 
by the black arrow). (E) Ki67 staining for small cell 
lung carcinoma. Note the yellow-brown-stained 
tumor cells, as indicated by the black arrow. (F) 
Ki67 staining for normal esophageal smooth muscle 
tissues. Note that. none of the cells were positive 
for Ki-67. 
crypt epithelia. Because CgA is a highly specific neuroendocrine 
marker that is employed to quantify the degree of neuroendo-
crine differentiation, this finding suggests that schistosomiasis 
would enhance neuroendocrine differentiation in mucosal crypt 
epithelia. 
In addition, our results revealed that high Ki67 expression 
levels favor CSG as compared to GCC (P < 0.05). Likewise, to 
explore the independent role of schistosomiasis on Ki67 
expression, we compared Ki67 expression levels in mucosal crypt 
epithelia between ASO and NA and found that Ki67 expression 
levels were significantly higher in ASOs than in NAs (P < 0.05). 
Because Ki67 expression correlates with mitotic activity and 
has been utilized as a marker for epithelial proliferation, these 
findings indicate that appendiceal schistosomiasis was associated 
with increased cell proliferation in mucosal crypt epithelia; this is 
in accord with other studies in which repeated tissue damage 
caused by the parasites (Sripa et aI., 2007), their eggs (Mostafa 
et aI., 1999), and secreted products (Sripa et aI., 2007) led to 
restorative hyperplasia of the damaged tissue. 
Thus, these findings revealed that schistosomiasis is associated 
with increased cell proliferation and neuroendocrine differentiation 
in mucosal crypt epithelia. Conceivably, because GCC originates 
from pluripotent crypt cells in mucosal crypt epithelia with 
increased cell proliferation and neuroendocrine differentiation, 
once the associated increased cell proliferation and neuroendocrine 
differentiation of mucosal pluripotent crypt cells attain a certain 
level and are out of control, they would contribute to GCe. 
TABLE 1. The expression levels (in percentage) of CgA and Ki67 between CSG and GCC (comparison I) and between ASO and NA (comparison II). 
Marker 
CgA 
Ki67 
* P < 0.05. 
** P < 0.001. 
Comparison I 
CSG (n = 3) 
6.23 ± 0.87% 
49.80 ± 3.21% 
GCC (n = 6) 
4.55 ± 0.66% 
40.63 ± 3.04% 
P-value 
0.013* 
3.4 X 10-6** 
Comparison II 
ASO (n = 12) 
4.48 ± 0.86% 
39.09 ± 6.09% 
NA (n = 12) 
2.69 ± 0.53% 
26.73 ± 5.49% 
P-value 
0.004* 
3.1 X 10-5** 
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However, the exact mechanisms whereby schistosomiasis 
contributes to GCC are still unknown. It is suggested that the 
chronic inflammation caused by schistosome eggs is implicated in 
tumorigenesis because local inflammation is associated with 
cancers (Balkwill and Mantovani, 2001; Coussens and Werb, 
2002; Pikarsky et aI., 2004). He1mstadter et aI. (1994) pointed out 
that chronic intestinal schistosomiasis is a potentially precancer-
ous condition. Moreover, Vennervald and Polman (2009) 
concluded that chronic inflammation caused by the presence of 
parasites, or the deposition of parasite products, in tissues is a key 
feature in helminth-induced carcinogenesis. 
The main lesions in established and chronic infections are not 
due to adult worms but to eggs that are trapped in the tissue 
during their peri-intestinal migration (Gryseels et aI., 2006). 
Therefore, toxins produced by schistosome eggs may be 
implicated in the tumorigenesis. This is supported by Ishii et aI. 
(1989), who found that the soluble egg antigen of Schistosoma 
spp., one of the most important components in the pathology of 
schistosomiasis, has been shown to have a weak, but significant, 
tumor-promoting activity. 
Taken together, we have shown that appendiceal schistosomiasis 
is significantly more prevalent in GCC cases than in the general 
population and suggest that appendiceal schistosomiasis is associ-
ated with increased proliferation and neuroendocrine differentiation 
of mucosal pluripotent crypt cells, although the exact mechanisms by 
which schistosomiasis contributes to GeC is yet to be elucidated. 
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NEW SPECIES OF FALCAUSTRA (NEMATODA: KATHLANIIDAE) IN PLATYSTERNON 
MEGACEPHALUM (TESTUDINES: PLATYSTERNIDAE) FROM CHINA 
Charles R. Bursey, Yik H. Sung*, and Stephen R. Goldbergt 
Department of Biology, Pennsylvania State University, Shenango Campus, Sharon, Pennsylvania 16146. e-mail: Gxb13@psu,edu 
ABSTRACT: Falcaustra taimoshanensis n, sp, (Ascaridida, Kathlaniidae) from the feces of Platysternon megacephalum (Testudines; 
Platysternidae) is described and illustrated. Falcaustra taimoshanensis n. sp. represents the 32nd Oriental species assigned to the genus 
and is distinguished from other species by the distribution pattern of the caudal papillae (6 precloacal, 2 adcloacal, 12 postcloacal, and 
1 median), length of spicules (765-791 ~m), and presence of 1 pseudo sucker. 
The big-headed turtle, Platysternon megacephalum Gray, 1831, 
ranges from southern China southwestward through northern 
Vietnam, Laos, Cambodia, and northern Thailand to southern 
Myanmar (Ernst and Barbour, 1989). It is considered endangered 
(Uetz, 2011). There are, to our knowledge, no reports of 
helminths from this turtle. Species of Falcaustra Lane, 1915, 
occur in the digestive tracts of fish, amphibians, and reptiles. Of 
the 94 nominal species, 32 are known from the Oriental Region; 
18 from turtle hosts (Bursey and Freeman, 2005; Bursey and 
Brooks, 2011). The purpose of this paper is to describe a new 
species of Falcaustra from P. megacephalum. 
MATERIALS AND METHODS 
During routine cleaning of an enclosure (21 June 2011), nematodes were 
seen in a fecal mass from an individually housed, gravid P. megacephalum 
(carapace length, 110.5 em). The turtle had been collected 20 June 2011 in 
a stream in Tai Mo Shan County Park, New Territories, Hong Kong, 
China. Sixteen nematodes (2 males, 4 immature females, 10 females) were 
removed from the fecal mass, fIxed in hot alcohol, later cleared in 
lactophenol solution, and then examined using a light microscope. 
Drawings were made with the aid of a microprojector. Measurements 
are given in micrometers, unless otherwise stated, with mean ± 1 SD and 
range in parentheses. 
DESCRIPTION 
Falcaustra taimoshanensis n. sp. 
(Figs. 1-9) 
General: Family Kathlaniidae Lane, 1914. Nematodes with cylindrical 
body tapering posteriorly, truncate anteriorly. Cuticle with fIne, regular, 
transverse striations. Mouth bounded by 3 lips, each with a pair of sessile 
papillae at anterior margin. SclerifIed lip support and additional cephalic 
papillae not seen. Esophagus with spherical isthmus, spherical bulb. 
Excretory pore at level of isthmus. Tail conical in both sexes. 
Male (holotype, paratype in parentheses): Length 14.4 mm (8.6 mm); 
width at level of esophageal-intestinal junction 459 (357). Mouth bounded 
by 3 lips each 73 (61) wide, 37 (24) deep. Esophagus with corpus 1,046 
(969) in length; short anterior muscular portion 67 (55) in length, long 
posterior glandular portion 979 (914) in length by 104 (79) wide 
throughout. Isthmus 134 (122) in length by 1408 (122) wide; and valved 
bulb 183 (171) in length by 214 (195) wide. Nerve ring 281 (242) and 
excretory pore 1,352 (1,122) from anterior end. One pseudosucker 305 
(214) in length by 51 (46) deep, supported by 13 (14) pairs of muscles 
terminating on rim. Posterior lip of posterior pseudosucker 3.2 (2.2) mm 
from tip of tail. Approximately 74 (76) pairs of oblique ventral muscles in 
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single fIeld beginning near posterior lip of pseudosucker and terminating 
slightly anterior to cloaca. Conical tail 536 (459) in length. Ten pairs of 
caudal papillae, all posterior to pseudosucker (3 pairs precloacal, 
ventrolateral in position; 1 pair adcloacal; 6 pairs postcloacal, 2 pairs 
immediately posterior to adcloacal pair, ventrolateral in position, 2 pairs 
near tip of tail, ventral in position; 2 pairs dorsolateral in position), and 
single median papilla immediately anterior to cloacal meatus. Phasmids 
midway between dorsolateral pairs of postcloacal papillae. Spicules similar 
in shape, 791 (765) in length, slightly curved, alate, distal end pointed. 
Gubernaculum 128 (98) in length. 
Female (allotype, 8 paratypes): Length 14.2 ± 0.55 mm (13.5-15.1 mm), 
width at level of esophageal-intestinal junction 395 ± 74 (306-485). Mouth 
bounded by 3 lips, each 78 ± 6 (67-85) wide, 26 ± 5 (21-34) deep. Esophagus 
1,491 ± 74 (1,424-1,665) in length, with corpus 1,101 ± 75 (1,020-1,275) in 
length by 84 ± 4 (79-92) wide throughout with anterior muscular portion 70 
± 9 (53-85) in length. Isthmus 129 ± 6 (122-140) in length by 125 ± 7 (116-
134) wide; valved bulb 191 ± 18 (171-232) in length by 186 ± 15 (165-214) 
wide. Nerve ring 220 ± 21 (183-244) and excretory pore 1,125 ± 76 (1,046-
1,250) from anterior end. Vulva transverse slit, 5.3 ± 0.36 mm (4.74-5.76 mm) 
from posterior end; vagina directed anteriodorsally, approximately 1 mm in 
length, giving rise to 2 divergent uteri. Eggs oval, 56 ± 4 (49-61) in length by 
43 ± 2 (43-49) wide, thick shelled, unembryonated. Rectum separated from 
intestine by well-developed valve; thick cuticular lining present. Tail conical, 
723 ± 58 (635-791) in length. 
Taxonomic summary 
Type host: Platysternon megacephalum Gray, 1831, big-headed turtle. 
Type locality: Tai Mo Shan, New Territories, China. 
Site of infection: Large intestine (recovered from fecal mass). 
Type specimens: Holotype male, USNPC 104887 allotype female, 
USNPC 104888; 1 paratype male, 8 females, USNPC 104889. 
Etymology: The new species is named in reference to its collection 
locality. 
Remarks 
The structure of the esophagus of Falcaustra taimoshanensis n. sp. 
allows its assignment to Kathlaniidae Lane 1914. Lane (1915) described 
the posterior portion of the esophagus to be hourglass shaped. Chitwood 
and Chitwood (1974) stated that the isthmus in kathlaniid nematodes is 
subspheroid. Chabaud (1978) characterized Falcaustra as having a 
generally spherical isthmus immediately anterior to the esophageal bulb. 
A spherical isthmus is evident in F taimoshanensis. 
Species of Falcaustra are distinguished on the basis of male character-
istics, i.e., number and arrangement of caudal papillae, length of spicules, 
and presence or absence of a pseudosucker. Species of Falcaustra possessing 
1 pseudosucker and spicules less than 1 mm include F afghana, F andrias, 
F catesbeianae, F chengguensis, F condorcanquii, F kalasiensis, F kinsellai, 
F lowei, F mascula, F mexicana, F onama, F. papuensis. F pelusios, F 
petrei, F pumacahuai, F putianensis, F rangoonica, F similis, F straeleni, F 
sudanensis, F taimoshanensis, F tiahuanaquensis, and F wardi. Of these 
species, F mascula, F putianensis, and F tiahuanaguensis lack a precloacal 
median papilla; F catesbeianae, F kalasiensis, F pelusios, F petrei, F 
straeleni, and F sudanensis lack adc10acal papillae; F mexicana has 2 pairs 
of precloacal papillae; F afghana has 5 pairs of precloacal papillae; and the 
remaining species have 3 pairs of precloacal papillae. Of the species listed 
above with 3 pairs of precloacal papillae, F lowei and F papuensis have 4 
pairs of postc1oacal papillae; F chengguensis may have 4 or 5 pairs; F 
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FIGURES 1-9. Falcaustra taimoshanensis n. sp. (1) Female, anterior end, lateral view. (2) Female, anterior end, dorsal view. (3) Female, en face view. 
(4) Egg. (5) Spicule. (6) Male, posterior end, lateral view. (7) Female, posterior end, lateral view. (8) Male, posterior end, lateral view. (9) Male, 
papillae arrangement. 
kinsel/ai, F. onama, F. rangoonica, and F. wardi have 5 pairs of postc1oacal 
papillae; F. andrias, F. condorcanquii, F. pumacahuai, and F. taimoshanensis 
have 6 pairs of postc1oacal papillae; and F. similis has 7 pairs. Of the 4 
species with 6 pairs of postc1oacal papillae, F. andrias has 2 pair of adc10acal 
papillae, and the other 3 have I pair of adc10acal papillae; the spicule of F. 
pumacahuai is less than 0.50 mm, whereas that of F. condorcanquii and F. 
taimoshanensis is greater than 0.50 mm. The esophageal isthmus of F. 
condorcanquii is ovid in shape, whereas that of F. taimoshanensis is spherical 
in shape. Falcaustra condorcanquii was described from a Neotropical 
anuran, and F. taimoshanensis from an Oriental turtle. 
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SYNOPTIC REVISION OF BLABER/COLA (APICOMPLEXA: EUGREGARINIDA: 
BLABERICOLIDAE) PARASITIZING BLABERID COCKROACHES (DICTYOPTERA: 
BLABERIDAE), WITH COMMENTS ON DELINEATING GREGARINE SPECIES BOUNDARIES 
Richard E. Clopton 
Department of Natural Science, Peru State College, Peru, Nebraska 68421. e-mail: rclopton@oakmailperu.edu 
ABSTRACT: Complete synoptic redescriptions, including complete morphometric data for all life cycle stages, species recognition 
characters, and differential comparisons are presented for the 4 gregarine species comprising Blabericola. Blabericola cubensis 
(Peregrine, 1970), Blabericola haasi (Geus, 1969), Blabericola migrator (Clopton, 1995), and Blabericola princisi (Peregrine, 1970) are 
redescribed from their type hosts, i.e., the discoid cockroach Blaberus discoidalis, the lobster cockroach Nauphoeta cinerea, the 
Madagascar hissing cockroach Gromphadorhina portentosa, and the Bolivian cockroach Blaberus boliviensis, respectively. These 
gregarine species descriptions are stabilized through deposition of extensive new voucher collections. Species of Blabericola are 
distinguished by differences in relative metric ratios, morphology of oocysts, and by relative metric ratios of mature gamonts in 
association. This work is discussed as a model for morphological species descriptions in the Eugregarinorida including the 6 principles 
for morphological gregarine species descriptions, i.e., a centroid and population variation approach, adequate sample size, partitioning 
developmental variation and sexual dimorphism, recognition and minimization of fixation and physiological artifacts to eliminate false 
morphotypes, and comparative data sets across multiple life cycle stages. 
The Blabericolidae comprises 2 gregarine genera, Protomagalhaen-
sia Pinto, 1918 and Blabericola Clopton, 2009. These genera include 9 
known gregarine species hypothesized to represent a vicariant 
assemblage rising through parallel sequential speciation and radiation 
subsequent to radiation and speciation by their host cockroach lineage 
(Clopton, 2009). Molecular sequence data support a co-evolutionary 
model as well as the monophy1y of Protomagalhaensia, Blabericola, 
and Blabericolidae (Clopton, 2009; Rueckert et aI., 2011). Although 
the cockroaches (Dictyoptera: Blattaria) are a cosmopolitan insect 
group comprising over 4,000 named species (Roth, 1983) and 
commonly infected by gregarine parasites, less than a dozen putative 
blabericolid species have been described from cockroaches worldwide 
and most are poorly known. Clopton (20 II) described or redescribed 
and delineated 3 of the 5 gregarine species comprising Protomagal-
haensia, but the 4 known species of Blabericola need synoptic 
redescription and deposition of new (voucher) specimen series to 
stabilize the genus and its member taxa. 
Clopton (2009) erected Blabericola to unite 4 known gregarine 
species based on molecular, morphological, and life cycle characters. 
Blabericola migrator (Clopton, 1995), described from Gromphado-
rhina portentosa Brunner von Wattenwyl, 1865 (Dictyoptera: 
Blattaria: Blaberidae: Oxyhaloinae: Gromphadorhini), was origi-
nally placed within Leidyana Watson, 1915. Blabericola haasi (Geus, 
1969), described from Nauphoeta cinerea (Olivier, 1789) (Dictyop-
tera: Blattaria: Blaberidae: Oxyhalinae: Nauphoetini), was originally 
placed within Gregarina Dufour, 1828 and was later moved to 
Leidyana by Clopton and Hays (2006). Blabericola cubensis 
(Peregrine, 1970), described from Blaberus discoidalis Serville, 1839 
(Dictyoptera: Blattaria: Blaberidae: Blaberinae), and Blabericola 
princisi (Peregrine, 1970), described from Blaberus boliviensis Princis, 
1946 (Dictyoptera: Blattaria: Blaberidae: Blaberinae), were original-
ly placed within Gregarina. Type material for B. haasi is sufficient to 
stabilize the species and allow redescription (1 neotypical hapanto-
type slide and 84 accompanying slides from the series, Clopton and 
Hays, 2006), but type material for the remaining species of 
Blabericola is limited. Type material for B. migrator is limited to 8 
slides (Clopton, 1995). Type material for B. cubensis and B. princisi is 
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limited to I slide each (peregrine, 1970), but both slides exhibit 
extreme fixation artifacts that render the specimens essentially 
useless for taxonomy. 
Taxonomic progress in Blabericola requires redescription and 
stabilization of its known member species. Herein, I provide 
synoptic redescription and differentiation of B. cubensis, B. haasi, 
B. migrator, and B. princisi and document the deposition of new 
voucher material to stabilize these taxa. Using this work as a 
model, I also address the role of morphology in gregarine species 
delineation. 
MATERIALS AND METHODS 
Gregarines cultures were maintained in breeding colonies of B. 
boliviensis, B. discoidalis, G. portentosa, and N. cinerea housed in 22-L 
polycarbonate containers with coir bedding and cardboard egg-crate 
roosting habitat. Dry dog food and water were provided ad libitum. Adult 
and late-instar nymphal cockroaches were examined for gregarine 
parasites as described by Clopton (2010, 2011). Permanent microscope 
slide preparations of gregarines were made using techniques detailed by 
Clopton and Hays (2006) and references therein. Gametocyst development 
utilized the methods described by Clopton (2011) while oocyst studies 
followed the techniques of Clopton (2010). Gregarine DNA samples were 
prepared and stored for future genomic analysis using a procedure 
described by Clopton (2011). New, and complete, synoptic morphometric 
data sets, including gametocysts, oocysts, and mature gamonts were 
collected for all known species of Blabericola using the equipment and 
software reported by Clopton (2011). 
This work utilizes a revised set of extended morphometric character sets 
for mature gamonts and oocysts of Blabericola (Figs. 1-3) (see Clopton 
and Hays, 2006; Clopton, 2010, 2011). The following metric characters 
and abbreviations were used: length of deutomerite (DL); distance from 
protomerite-deutomerite septum to deutomerite axis of maximum width 
(DLAM); distance from posterior end of deutomerite to deutomerite axis 
of maximum width (DLPM); width of deutomerite at equatorial axis 
(DWE); maximum width of deutomerite (DWM); length of gametocyst 
(GL); width of gametocyst (GW); diameter of major karyosome (KD); 
distance from nucleus to protomerite-deutomerite septum (NDS); length 
of nucleus (NL); width of nucleus (NW); interior oocyst length (OLI); 
maximum exterior oocyst length (OLM); maximum oocyst width (OW); 
width of protomerite-deutomerite septum (PDSW); length of protomerite 
(PL); distance from anterior end of protomerite to protomerite axis of 
maximum width (PLAM); distance from protomerite-deutomerite septum 
to protomerite axis of maximum width (PLPM); width of primite-satellite 
septal junction (PSSW); length of oocyst polar plate (PPL); width of 
oocyst polar plate (PPW); total length of primite (PTL); width of 
protomerite at equatorial axis (PWE); maximum width of protomerite 
(PWM); oocyst residuum diameter (ResDia); total length of satellite 
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FIGURES 1-3. Morphometric character set for gamonts and oocysts of Blabericola species. (1) Primite (left) and satellite (right) gamonts forming a 
mature association. Generalized characters are mapped onto the primite. (2) Monete oocyst chain. (3) Oocyst. Length of deutomerite (DL); distance 
from protomerite-deutomerite septum to deutomerite axis of maximum width (DLAM); distance from posterior end of deutomerite to deutomerite axis 
of maximum width (DLPM); width of deutomerite at equatorial axis (DWE); maximum width of deutomerite (DWM); length of gametocyst (GL); width 
of gametocyst (GW); diameter of major karyosome (KD); distance from nucleus to protomerite-deutomerite septum (NDS); length of nucleus (NL); 
width of nucleus (NW); interior oocyst length (OLI); maximum exterior oocyst length (OLM); maximum oocyst width (OW); width of protomerite-
deutomerite septum (PDSW); length of protomerite (PL); distance from anterior end of protomerite to protomerite axis of maximum width (PLAM); 
distance from protomerite-deutomerite septum to protomerite axis of maximum width (PLPM); width of primate-satellite septal junction (PSSW); length 
of oocyst polar plate (PPL); width of oocyst polar plate (PPW); total length of primite (PTL); width of protomerite at equatorial axis (PWE); maximum 
width of protomerite (PWM); oocyst residuum diameter (ResDia); total length of satellite (STL); total length (TL). Primite (P) and satellite (S) 
abbreviations are prefixed to existing abbreviations to differentiate the same metric across sexes (e.g., total length of primite [PTL], total length of 
satellite [STL]). 
(STL); and total length (TL). Primite (P) and satellite (S) abbreviations are 
prefixed to existing abbreviations to differentiate the same metric across 
sexes, e.g., total length of primite (PTL) and total length of satellite (STL). 
The shapes of structures in mature trophozoites, particularly the 
epimerite, comprise an important diagnostic character suite, but significant 
developmental variation within taxa precludes the use of absolute metrics 
taken from trophozoites (Filipponi, 1951; Watwood et aI., 1997; Clopton, 
1999). Separate description of primite and satellite ontogenic stages are 
provided to account for the sexual dimorphism (Filipponi, 1947, 1951, 1952, 
1954, 1955). Measurements are presented in micrometers as mean values 
followed parenthetically by range values, standard deviations, and sample 
sizes. Metric differences between species were identified using ANOVA-
protected Tukey's honestly significant difference tests (rx = 0.05). Parasite 
ontogenetic and anatomical nomenclature largely follows that proposed by 
Levine (1971), but defer to Clopton (2009) in reference to association, 
syzygy, gametocyst development, and oocyst dehiscence. Nomenclature for 
the shapes of planes and solids follows Clopton (2004). 
REDESCRIPTIONS 
B/aberico/a Clopton, 2009 
Diagnosis: Order Eugregarinorida Leger, 1892, sensu Clopton (2002); 
Suborder Septatorina Lankester, 1885, sensu Clopton (2002); Superfamily 
Gregarinoidea, Chakaravarty, 1960 emend Clopton (2009); Family 
Blabericolidae Clopton, 2009; with the characters of the genus Blabericola 
Clopton, 2009 as follows: epimerite simple, globular to pyriform, without 
diamerite; deutomerite of gamont obpanduriform; association gamontic, 
presyzygial, caudofrontal; gametocysts with spore tubes, dehiscing by 
extrusion of monete oocyst chains; oocysts elliptoid to dolioform; 
parasites of blaberid cockroaches. 
Taxonomic summary 
Type species: Blabericola migrator (Clopton, 2005) Clopton, 2009. 
B/aberico/a cubensis (Peregrine, 1970) Clopton, 2009 
(= Gregarina cubensis Peregrine, 1970) 
(Figs. 4-11) 
Trophozoite (Fig. 7): Young trophozoites solitary, extracellular forms 
attached to host ventricular epithelium. Holdfast a narrowly obpanduri-
form epimerite without diamerite. Protomerite very broadly ovoid, 
markedly constricted at protomerite-deutomerite septum. Deutomerite 
narrowly obpanduriform. Nucleus orbicular with nearly orbicular, 
smooth-margined, eccentric karyosome. 
Association (Figs. 8-11): Presyzygial, gamontic; gamonts anisomorphic 
due to structures involved in association interface; association interface a 
shallow interlock, posterior end of primite's deutomerite embedded in 
shallow torus formed from anterior membranes of satellite's protomerite. 
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FIG URES 4-11. Blabericola cubensis. (4) Gametocysts. (5) Monete oocyst chains dehisced from mature gametocysts. (6) Oocysts. (7) Solitary 
trophozoite with epimerite. (8-11) Variation in typical mature associations. 
Measurements taken from mature gamonts in association. Indices: 
PTLISTL 1.12 (0.98- 1.30, ±0.09, 30), PPLlSPL 1.65 (1.l3- 2.43, ±0.31, 
30), PPWM/SPWM 1.02 (0.89-1.24, ±0.09, 30), PDLlSDL 1.04 (0.93-
1.20, ±0.08, 30), PDWM/SDWM 1.06 (0.93- 1.20, ±0.07, 30), PDWEI 
SDWE 1.07 (0.90-1.29, ±O.IO, 30). 
Primite: Observations and data taken from mature primites in 
association. Epimerite absent; protomerite very broadly ovoid to very 
broadly subelliptoid; PL 102.6 (84.5-125.5, ±9.67, 30), PWE 105.6 (95.3-
124.6, ±6.24, 30), PWM 119.5 (109.1-143.5, ±7.SI, 30), PLAM 65.0 (18.1-
89.6, ± 19.19, 30), PLPM 36.8 (13.8-80.9, ± 16.36,30), PDSW 118.3 (104.5-
137.2, ±7.03, 30), PLIPWE 0.98 (0.81- 1.23, ±0.11, 30), PLIPWM 0.86 
(0.73- 1.07, ±0.09, 30), PLIPDSW 0.87 (0.69- 1.10, ±0.09, 30), PLAM/PL 
0.63 (0.17-0.84, ±0.17, 30), PLAM/PLPM 2.21 (0.22-5.30, ± 1.12, 30), 
PWM/PWE 1.13 (1.01- 1.23, ±O.OS, 30). Deutomerite narrowly obpanduri-
form, (approaching oblong to narrowly oblong in largest specimens as 
artifact of coverslip compression); DL 459.4 (404.4-S21.1, ±29.S2, 30), 
DWE 167.7 (142.1-203.2, ± 13.51 , 30), DWM 180.4 (162.7-202.2, ± 10.65, 
30), DLAM 164.8 (52.1 - 392.8 , ± 117.52, 30), DLPM 293.7 (77.1-432.7, 
± 126.26,30), DLIDWE 2.76 (2.18-3.18, ±0.27, 30), DLlDWM 2.55 (2.11 -
2.90, ±0.19, 30), DLAMIDL 0.36 (0.11-0.84, ±0.26, 30), DLAM/DLPM 
1.25 (0.12-5.09, ± 1.75, 30), DWM/DWE 1.08 (0.99-1.20, ±0.05, 30), PTL 
561.0 (492.0-630.4, ±34.08, 30). Indices: PTLlPL 5.49 (4.71-6.18, ±0.41, 
30), PTLlPWM 4.71 (4.11 - 5.40, ±0.34, 30), PTLIPWE 5.33 (4.58-5.98, 
±0.37, 30), DLlPL 4.50 (3.75- 5.15, ±0.39, 30), PTLIDL 1.22 (1.20-1.26, 
±0.02, 30), PTLlDWM 3.12 (2.65-3.48, ±0.22, 30), PTUDWE 3.37 (2.64-
3.86, ±0.32, 30), DWM/PWM 1.51 (1.33-1.74, ±0.1O, 30), DWEIPWE 1.08 
(0.99- 1.20, ±0.05, 30). Nucleus nearly orbicular with a single, eccentric 
orbicular karyosome and varying smaller endosomes; NL 56.5 (41.8-72.2, 
±6.51, 30), NW 53.2 (33.4-68.7, ±7.98, 30), NDS 170.7 (7.4-393.7, 
± 146.57, 30), KD 19.8 (11.8-32.3, ±4.17, 30), NLINW 1.07 (1.00-1.48, 
±0.09, 30), NDS/NL 3.03 (0.15-6.71 , ±2.61, 30), DLINDS 11.02 (1.20-
63.24, ±15.88, 30), NLlKD 2.93 (1.97-4.16, ±0.49, 30). 
Satellite: Observations and data taken from mature satellites in 
association. Protomerite compressed anteriorly by association interface, 
very shallowly dolioform to depressed oblong, anterior membranes forming 
toroidal margin at association interface; PSSW 98.1 (75.2- 119.7, ±1O.63, 
30), PL 63.9 (46.3-87.3, ±10.73, 30), PWE 107.7 (89.2- 122.7, ±8.38, 30), 
PWM 117.2 (104.8-130.0, ±7.36, 30), PLAM 39.4 (15.4-56.1, ± 10.92,30), 
PLPM 23.9 (9.0-47.0, ±10.32, 30), PDSW 115.0 (103.5- 128.0, ±7.22, 30), 
PUPWEO.59 (0.42-0.91 , ±O.IO, 30), PLlPWM 0.55 (0.38- 0.77, ±0.09, 30), 
PUPDSW 0.56 (0.40-0.78, ±0.09, 30), PLAMIPL 0.62 (0.24-0.86, ±O.IS, 
30), PLAM/PLPM 2.02 (0.33-5.32, ± 1.05, 30), PWM/PWE 1.09 (1.00-1.18, 
±O.OS, 30). Deutomerite very deeply to narrowly obovoid, (approaching 
nearly elliptoid in largest specimens as artifact of coverslip compression); 
DL 442.0 (409.0-478.4, ±20.29, 30), DWE 157.8 (120.8- 174.9, ± 12.66,30), 
DWM 170.9 (147.1 - 188.9, ± 10.02,30), DLAM 149.2 (67.4-384.9, ± 115.06, 
30), DLPM 292.1 (68.5-402.5, ± 116.97, 30), DLIDWE 2.82 (2.44-3.92, 
±0.29, 30), DLlDWM 2.59 (2.28- 3.22, ±0.20, 30), DLAM/DL 0.34 (0.15-
0.85, ±0.26, 30), DLAMIDLPM 1.20 (0.18- 5.62, ± 1.86, 30), DWM/DWE 
1.09 (1.01-1.22, ±O.OS, 30), STL 503.8 (465.2-535.0, ± 19.57,30). Indices: 
STUPL 8.08 (5.84-11.36, ± 1.28, 30), STUPWM 4.31 (3.83-4.80, ±0.20, 
30), STLIPWE 4.70 (4.14-5.33, ±0.31 , 30), DLIPL 7.12 (4.84-10.34, ± 1.28, 
30), STLIDL 1.J4 (1.10-1.21, ±0.03, 30), STLlDWM 2.96 (2.69-3.53 , 
±0.19, 30), STLIDWE 3.21 (2.77-4.30, ±0.29, 30), DWM/PWM 1.46 (1.30-
1.65, ±0.09, 30), DWE/PWE 1.47 (J.l9- 1.77, ±0.13, 30). Nucleus nearly 
orbicular with single, eccentric orbicular karyosome; NL 52.5 (40.6--65.1, 
±5.98, 30), NW 48.5 (36.1-58.8, ±5.75, 30), NDS 228.6 (23.5-355.5, 
±109.11, 30), KD 18.9 (11.8-30.4, ±3.42, 30), NLfNW 1.09 (1.00-1.25, 
±0.07, 30), NDSfNL 4.35 (0.38-6.88, ±2.00, 30), DLfNDS 3.19 (1.25-
19.21, ±3.65, 30), NLlKD 2.84 (1.85-3.73, ±0.45, 30). 
Gametocysts (Figs. 4-5): White, opaque, irregularly orbicular, length 
457.1 (412.0-510.0, ±31.53, 30), width 437.0 (388.0~97.0, ±29.69, 30), 
GLlGW 1.00 (1.00-1.10, ±0.04, 30). Gametocysts collected and stored 
under moist conditions dehisced within 24-36 hr, releasing oocysts in 
monete chains by extrusion. 
Oocysts (Figs. 5-6): Dolioform with outline smoothing to incorporate 
terminal polar plates, single oocyst residuum simple, smooth, orbicular, 
nearly terminal; OLM 9.3 (9.1-9.5, ±0.13, 30), OLI 8.1 (8.0-8.3, ±0.12, 
30), OW 5.2 (5.1-5.3, ±0.07, 30), PPW 3.1 (2.7-3.4, ±O.l9, 30), PPL 0.6 (0.4-
0.8, ±O.lO, 30), ResDia 0.9 (0.7-1.2, ±0.13, 30), OLM/OLI 1.80 (1.70-1.90, 
±0.04, 30), OLM/OW 1.80 (1.70-1.90, ±0.04, 30), OLI/OW 1.60 (1.50-1.60, 
±0.03, 30), PPWIPPL 5.50 (3.80-9.20, ±1.23, 30), OWIPPW 1.70 (1.50-1.90, 
±O.ll, 30), OLMlPPL 16.10 (12.10-25.40, ±3.09, 30), OLMIResDia 10.80 
(7.60-13.60, ± 1.50,30), OW/ResDia 6.10 (4.20-7.90, ±0.88, 30). 
Taxonomic summary 
Type host: Blaberus discoidalis Serville, 1839 (Dictyoptera: Blattaria: 
Blaberidae: Blaberinae), nymphs and adults. 
Type locality: Laboratory cultures, Department of Zoology, University 
College Cardiff (Cardiff University), Cardiff, Wales, United Kingdom. 
Type specimens: Holotype is an hapantotype slide, registration 
number 1970:3:3:1, The Natural History Museum, London, England, U.K. 
Site of infect ion: Trophozoites were collected from ventricular cecae and 
post-intercecal region. Associations were collected from the anterior 
mesenteron. Gametocysts were collected from host feces. 
Prevalence: Prevalence in colony approaches 100%. 
Records: Laboratory cultures, nymphs, and adults, Peru State College, 
Peru, Nebraska. 
Specimens deposited: The voucher slide series for this redescription is 
deposited in the Harold W. Manter Laboratory for Parasitology (HWML), 
Division of Parasitology, University of Nebraska State Museum, Lincoln, 
Nebraska and comprises 56 hapantotype slides containing multiple 
trophozoites, gamonts, and associations accessioned as HWMLl00045. 
Remarks 
Blabericola cubensis is readily distinguished from B. haasi and B. 
migrator by significant differences in overall size and shape of gamonts in 
association (cf. Figs. 8-11 with Figs. 16-19 and Figs. 24-27, respectively; 
Figs. 36-39), by all metric measures observed except PriNDS, SatPL, and 
SatNW, which were not significantly different from those of B. migrator. 
In general, gamonts of B. cubensis are larger than those of B. haasi but 
smaller than those of B. migrator by all significant metrics. Gamonts of B. 
cubensis are most similar to those of B. princisi (cf. Figs. 8-11 with 
Figs. 32-35; Figs. 36-39) but exhibit consistently and significantly larger 
PriPWE, PriDWE, PriDWM, PriNL, PriNW, PriKD, PSSW, SatPWE, 
SatPWM, SatPDSW, SatNL, and SatKD metrics. In general, gamonts of 
B. cubensis possess deutomerites that are broader and less obviously 
obpandurifonn than those of B. princisi. The primite protomerites are 
elliptoid or ovoid in B. cubensis but deltoid in B. princisi. Centroid 
clustering diagrams of differential gamont metrics (Figs. 36-39) readily 
demonstrate significant differences between all 4 species while illustrating 
the significant metric overlap of B. cubensis and B. princisi. The toroidal 
margin of the primite-satellite interface formed by the anterior membranes 
of the satellite protomerite is much less pronounced in B. cubensis than in B. 
princisi (cf. Figs. 8-11 and 32-35, respectively). This difference was also noted 
by Peregrine (1970) in her original descriptions of these taxa. Gamonts in 
association can be used to diagnose populations of B. cubensis from other 
known species, but differences are much more clearly demonstrated in 
correlating characters observed in gametocysts and oocysts. 
Blabericola cubensis is readily distinguished from B. haasi, B. migrator, 
and B. princisi by significant differences in overall size and shape of 
gametocysts (cf. Fig. 4 with Figs. 12,20, and 28, respectively; Fig. 40), and 
oocysts (cf. Figs. 6 with Figs. 14, 22, and 30, respectively; Figs. 41 ~3) by 
all metric measures observed. Gametocysts of B. cubensis and B. princisi are 
nearly spherical, but those of B. haasi and B. migrator are distinctly 
elliptoid. The gametocysts of B. cubensis are larger than those of B. princisi 
(ca. 457).11ll and 368 >Lm in diameter, respectively). The oocysts of B. cubensis 
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are larger than those of other described species and are readily distinguished 
by OLM/OW, OLM/OLI, and OLI/OW indices (Figs. 41~3). 
Blabericola haasi (Geus, 1969) Clopton, 2009 
(= Leidyana haasi Clopton and Hays, 2006; 
= Gregarina haasi Geus, 1969) 
(Figs. 12-19) 
Trophozoite (Fig. 15): Young trophozoites solitary, extracellular forms 
attached to host ventricular epithelium. Holdfast an orbicular epimerite 
without diamerite. Protomerite doliofonn to shallowly doliofonn, markedly 
constricted at protomerite-deutomerite septum. Deutomerite obovoid. Nucleus 
orbicular with nearly orbicular, smooth-margined, concentric karyosome. 
Association (Figs. 16-19): Presyzygial, gamontic; gamonts aniso-
morphic due to structures involved in association interface; association 
interface a shallow interlock, posterior end of primite's deutomerite 
embedded in shallow torus fonned from anterior membranes of satellite's 
protomerite. Measurements taken from mature gamonts in association. 
Indices: PTLISTL 1.08 (0.93-1.28, ±0.08, 30), PPLlSPL 1.67 (0.98-2.24, 
±0.31, 30), PPWM/SPWM 0.99 (0.79-1.29, ±0.12, 30), PDLlSDL 0.98 
(0.78-1.20, ±0.10, 30), PDWM/SDWM 1.05 (0.82-1.40, ±0.13, 30), 
PDWE/SDWE 1.04 (0.80-1.38, ±0.14, 30). 
Primite: Observations and data taken from mature primites in 
association. Epimerite absent; protomerite variable with size, ranging from 
deeply deltoid or broadly pyriform in smaller specimens to finely ovoid or 
deltoid in larger specimens; PL 73.1 (55.1-89.9, ±8.99, 30), PWE 58.9 (44.3-
76.5, ±7.89, 30), PWM 65.2 (48.9-86.5, ±IO.OO, 30), PLAM 49.6 (30.7-
68.7, ±1O.71, 30), PLPM 23.1 (5.1-51.7, ±10.31, 30), PDSW 63.2 (48.3-
80.8, ±8.74, 30), PLIPWE 1.26 (0.80-1.63, ±0.23, 30), PLlPWM 1.15 (0.71-
1.52, ±0.22, 30), PLlPDSW 1.18 (0.73-1.47, ±0.20, 30), PLAM/PL 0.68 
(0.39-D.91, ±0.13, 30), PLAM/PLPM 2.79 (0.61-10.09, ±1.90, 30), PWMI 
PWE 1.11 (0.97-1.26, ±0.07, 30). Deutomerite usually obpandurifonn to 
narrowly obpanduriform, becoming elliptoid in largest specimens; DL 244.5 
(220.2-270.9, ± 14.07,30), DWE 85.6 (63.8-128.0, ± 18.23,30), DWM 92.5 
(70.6-134.8, ± 18.66, 30), DLAM 113.9 (13.3-197.2, ±62.44, 30), DLPM 
131.3 (54.9-237.7, ±62.94, 30), DLIDWE 2.97 (1.89-3.94, ±0.57, 30), DLI 
DWM 2.73 (1.73-3.78, ±0.51, 30), DLAM/DL 0.47 (0.05-0.78, ±0.25, 30), 
DLAM/DLPM 1.40 (0.06-3.30, ± 1.19, 30), DWM/DWE 1.09 (0.99-1.53, 
±0.09, 30), PTL 316.5 (284.1-342.1, ± 14.82, 30). Indices: PTLlPL 4.39 
(3.65-5.90, ±0.53, 30), PTLlPWM 4.97 (3.75-6.89, ±0.84, 30), PTLIPWE 
5.47 (4.27-7.64, ±0.80, 30), DLlPL 3.41 (2.68~.92, ±0.54, 30), PTLIDL 
1.30 (1.19-1.37, ±0.04, 30), PTLlDWM 3.54 (2.29~.77, ±0.65, 30), PTLI 
DWE 3.83 (2.49~.96, ±0.71, 30), DWM/PWM 1.42 (1.15-1.64, ±0.13, 30), 
DWE/PWE 1.09 (0.99-1.53, ±0.09, 30). Nucleus nearly orbicular with 
single, concentric orbicular karyosome; NL 27.9 (20.4-36.4, ±3.81, 30), 
NW 24.7 (12.3-36.3, ±5.43, 30), NDS 61.2 (8.6-172.0, ±53.84, 30), KD 
12.6 (7.4-17.9, ±2.53, 30), NLfNW 1.17 (1.00-2.32, ±0.26, 30), NDSfNL 
2.32 (0.31-7.27, ±2.17, 30), DLfNDS 8.57 (1.42-25.89, ±7.32, 30), NLlKD 
2.28 (1.66-3.83, ±0.46, 30). 
Satellite: Observations and data taken from mature satellites in 
association. Protomerite compressed anteriorly by association interface, 
very shallowly ovoid to ovoid, anterior membranes fonning toroidal margin 
at association interface; PSSW 48.0 (34.0-82.8, ± 10.08,30), PL 44.4 (33.7-
56.0, ±4.97, 30), PWE 58.8 (41.0-85.0, ±9.60, 30), PWM 66.4 (48.7-87.6, 
±9.16, 30), PLAM 30.1 (17.4-38.2, ±5.54, 30), PLPM 13.7 (7.3-22.6, 
±3.87, 30), PDSW 65.8 (48.9-84.0, ±8.90, 30), PLiPWE 0.78 (0.40-1.07, 
±0.16, 30), PLIPWM 0.68 (0.38-D.94, ±0.13, 30), PLlPDSW 0.69 (0.40-
0.96, ±0.13, 30), PLAM/PL 0.68 (0.48-0.84, ±O.IO, 30), PLAM/PLPM 2.43 
(0.95~.45, ±0.94, 30), PWMIPWE 1.13 (1.03-1.28, ±0.06, 30). Deutom-
erite narrowly ovoid to ovoid; DL 252.5 (208.3-313.4, ±23.26, 30), DWE 
82.7 (55.9-111.6, ± 14.45,30), DWM 88.7 (60.5-125.6, ± 16.18,30), DLAM 
59.8 (31.3-152.5, ±25.24, 30), DLPM 191.8 (97.0-248.1, ±34.41, 30), DLI 
DWE 3.12 (2.37~.05, ±0.48, 30), DLlDWM 2.91 (2.13-3.82, ±0.44, 30), 
DLAM/DL 0.24 (0.13-0.61, ±O.1I, 30), DLAM/DLPM 0.35 (0.15-1.57, 
±0.28, 30), DWM/DWE 1.07 (0.98-1.21, ±0.05, 30), STL 295.6 (250.2-
349.0, ±23.78, 30). Indices: STLlPL 6.74 (5.21-9.19, ±0.92, 30), STLlPWM 
4.52 (3.50-6.09, ±0.58, 30), STLIPWE 5.14 (3.61-7.18, ±0.82, 30), DLlPL 
5.77 (4.31-8.25, ±0.89, 30), STLIDL 1.17 (1.11-1.22, ±0.03, 30), STLI 
DWM 3.41 (2.4~.40, ±0.52, 30), STLIDWE 3.66 (2.75~.72, ±0.57, 30), 
DWM/PWM 1.33 (1.16-1.62, ±0.12, 30), DWE/PWE 1.41 (1.20-1.76, 
±0.13, 30). Nucleus nearly orbicular with single, nearly concentric orbicular 
karyosome; NL 26.7 (22.4-34.9, ±2.90, 30), NW 23.6 (17.1-29.9, ±3.69, 
30), NDS 67.2 (14.6-217.8, ±56.91, 30), KD 12.0 (7.7-18.2, ±2.41, 30), NLI 
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FIGURES 12-19. Blabericola haasi. (12) Gametocysts. (13) Monete oocyst chains dehisced from mature gametocysts. (14) Oocysts. (IS) Solitary 
trophozoite with epimerite. (16-19) Variation in typical mature associations. 
NW US (1.00-1.62, ±O.IS, 30), NDS/NL 2.S4 (0.S7-7.94, ±2.16, 30), DLI 
NDS 6.87 (1.29-16.24, ±4.83, 30), NLlKD 2.29 (1.69-3.60, ±0.42, 30). 
Gametocysts (Figs. 12- 13): White, opaque, irregularly elliptoid, length 
274.7 (263.1-286.0, ±6.66, 30), width 180.9 (166.2-193.1, ±7.68, 30), GLI 
GW 1.50 (1.40-1.62, ±0.06, 30). Gametocysts collected and stored under 
moist conditions dehisced within 24--36 hr, releasing oocysts in monete 
chains by extrusion. 
Oocysts (Figs. 13-14): Dolioform with outline smoothing to incorporate 
terminal polar plates, single oocyst residuum simple, smooth, orbicular, 
nearly terminal; OLM 8.0 (7.8-8.2, ±O.l2, 30), OLI 6.6 (6.3-6.9, ±O.IS, 30), 
OW 4.8 (4.6-5.0, ±0.13, 30), PPW 2.6 (2.2-3.0, ±0.19, 30), PPL 0.7 (0.4--1.1, 
±0.17, 30), ResDia 1.1 (0.8- 1.5, ±0.16, 30), OLM/OLI 1.20 (1.20-1.30, 
±0.03, 30), OLMIOW 1.70 (1.60-1.80, ±O.OS, 30), OLI/OW 1.40 (1.30-1.50, 
±O.OS, 30), PPW/PPL 3.80 (2.30-5.80, ±0.91, 30), OWIPPW 1.80 (1.60-2.20, 
±0.13, 30), OLM/PPL 11.60 (7.10-18.70, ±2.63, 30), OLMlResDia 7.20 
(5.30-9.80, ± 1.07, 30), OW/ResDia 4.30 (3.40-6.00, ±0.66, 30). 
Taxonomic summary 
Type host: Nauphoeta cinerea (Olivier, 1789) (Dictyoptera: Blattaria: 
Blaberidae: Oxyhalinae: Nauphoetini). 
Type locality: Ndanda Abbey, Ndanda, Tanzania. 
Type specimens: Neotype (hapantotype) HWML no. 48313, Harold W. 
Manter Laboratory for Parasitology (HWML), Division of Parasitology, 
University of Nebraska State Museum, Lincoln, Nebraska. 
Site of infection: Trophozoites were collected from ventricular cecae and 
post-intercecal region. Associations were collected from the anterior 
mesenteron. Gametocysts were collected from host feces. 
Prevalence: Prevalence in colony approaches 100%. 
Records: Laboratory cultures, nymphs, and adults, Peru State College, 
Peru, Nebraska. 
Specimens deposited: The voucher slide series for this redescription is 
deposited in the Harold W. Manter Laboratory for Parasitology 
(HWML), Division of Parasitology, University of Nebraska State 
Museum, Lincoln, Nebraska and comprises 42 hapantotype slides 
containing multiple trophozoites, gamonts, and associations accessioned 
as HWMLl00046. Many of these slides also include specimens of 
Protomagalhaensia wolfi (Geus, 1969) Clopton and Hays, 2006, which 
commonly co-occurs with B. haasi in N. cinerea. 
Remarks 
Blabericola haasi is distinguished from other known species of 
Blabericola by significant differences in overall size and shape of gamonts 
in association (cf. Figs. 16-19 with Figs. 8- 11, Figs. 24-27, and Figs. 32-
35; Figs. 36-39), by all metric measures observed except PriPLPM and 
PriDLAM, which were not significantly different from those of B. 
migrator or B. princisi; PriPDSW, SatPLAM, SatPLPM, and SatTL, 
which were not significantly different from those of B. migrator; and 
PriNDS and SatNW, which were not significantly different from those of 
B. princisi. In general, gamonts of B. haasi are roughly half the size of 
those of other blabericolids and are notably smaller by all significant 
metrics. Centroid clustering diagrams of differential gamont metrics 
(Figs. 36-39) readily demonstrate these differences. 
Blabericola haasi is readily distinguished from B. cubensis, B. migrator, 
and B. princisi by significant differences in overall size and shape of 
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FIGURES 20-27. Blabericola migrator. (20) Gametocysts. (21) Monete oocyst chains dehisced from mature gametocysts. (22) Oocysts. (23) Solitary 
trophozoite with epimerite. (24-27) Variation in typical mature associations. 
gametocysts (cf. Fig. 12 with Figs. 4, 20, and 28, respectively; Fig. 40), 
and oocysts (cf. Figs. 14 with Figs. 6, 22, and 30, respectively; Figs. 4 I -43) 
by all metric measures, although the GLlGW index of B. haasi 
gametocysts is not significantly different from that of B. migrator. 
Although similarly elliptoid in shape, the gametocysts of B. haasi are less 
than half the size of the gametocysts of B. migrator (ca. 275 ~m X 181 ~m 
vs. 700 ~m X 453 ~m, respectively). Gametocysts of B. cubensis and B. 
princisi are nearly spherical and, thus, readily distinguishable from those 
of B. haasi. The oocysts of B. haasi are smaller than those of other 
described species but most similar in size to those of B. migrator; 
nonetheless, they are readily distinguished by OLM/OLI and OLI/OW 
indices (Figs. 41-43). 
B/aberico/a migrator (Clopton, 1995) Clopton, 2009 
(= Leidyana migrator Clopton, 1995) 
(Figs. 20-27) 
Trophozoite (Fig. 23): Young trophozoites solitary, extracellular forms 
attached to host ventricular epithelium. Holdfast an orbicular epimerite 
without diamerite. Protomerite dolioform to shallowly dolioform, 
markedly constricted at protomerite-deutomerite septum. Deutomerite 
obovoid. Nucleus orbicular with nearly orbicular, smooth-margined, 
concentric karyosome. 
Association (Figs. 24-27): Presyzygial, gamontic; gamonts aniso-
morphic due to structures involved in association interface; association 
interface a shallow interlock, posterior end of primite's deutomerite 
embedded in shallow torus formed from anterior membranes of satellite's 
protomerite. Measurements taken from mature gamonts in association. 
Indices: PTLiSTL 1.16 (1.05-1.33, ±0.08, 30), PPLlSPL 2.04 (1.47-3.16, 
±0.45, 30), PPWM/SPWM 0.95 (0.74-1.20, ±0.12, 30), PDLlSDL 1.07 
(0.92-1.20, ±0.07, 30), PDWM/SDWM 0.97 (0.72-1.24, ±O.1I, 30), 
PDWE/SDWE 0.95 (0.69-1.45, ±0.15, 30). 
Primite: Observations and data taken from mature primites in 
association. Epimerite absent; protomerite very shallowly to very broadly 
ovoid; PL 133.0 (100.0--166.7, ±13.56, 30), PWE 150.7 (122.0--174.7, 
±16.45, 30), PWM 171.5 (143.0--201.7, ±17.40, 30), PLAM 111.0 (67.9-
137.3, ± 14.30,30), PLPM 22.8 (2.6-61.9, ± 13.19,30), PDSW 174.1 (141.4-
210.3, ±20.01, 30), PLIPWE 0.89 (0.68-1.09, ±0.12, 30), PLlPWM 0.78 
(0.57-D.93, ±0.1O, 30), PLIPDSW 0.77 (0.56-0.92, ±O.lO, 30), PLAM/PL 
0.84 (0.53-1.04, ±O.1I , 30), PLAMIPLPM 7.93 (1.10-40.46, ±8.11, 30), 
PWM/PWE 1.14 (1.05-1.23, ±0.05, 30). Deutomerite narrowly cibpanduri-
form to obpanduriform; DL 623.0 (479.2-709.0, ±69.43, 30), DWE 215.8 
(182.8-285.2, ±25.75, 30), DWM 252.8 (204.8-299.0, ±25.85, 30), DLAM 
125.6 (79.6-156.4, ±23.10, 30), DLPM 495.4 (366.3-596.5, ±70.61, 30), 
DLiDWE 2.92 (1.87-3.61, ±0.43, 30), DLlDWM 2.48 (1.78-2.90, ±0.29, 
30), DLAM/DL 0.20 (0.13-0.29, ±0.04, 30), DLAMIDLPM 0.26 (0.14-
0.42, ±0.07, 30), DWM/DWE 1.18 (1.03-1.33, ±0.08, 30), PTL 755.1 
(609.1-845.1, ±71.87, 30). Indices: PTLlPL 5.73 (4.50-7.82, ±0.79, 30), 
PTLlPWM 4.42 (3.60--5.48, ±0.44, 30), PTLIPWE 5.05 (3.78--6.44, ±0.59, 
30), DLlPL 4.74 (3.50-6.88, ±0.79, 30), PTLIDL 1.21 (1.14-1.29, ±0.03, 
30), PTLlDWM 3.01 (2.29-3.48, ±0.32, 30), PTLIDWE 3.54 (2.40-4.36, 
±0.47, 30), DWM/PWM 1.48 (1.29-1.75, ±0.11, 30), DWE/PWE 1.18 
(1.03-1.33, ±0.08, 30). Nucleus nearly orbicular, slightly irregular in outline 
with single, eccentric orbicular karyosome; NL 64.0 (53.1-79.6, ±7.61, 30), 
NW 58.3 (47.2-75.0, ±6.73, 30), NDS 143.0 (25.6-578.8, ± 155.18,30), KD 
26.3 (17.9-34.4, ±4.07, 30), NLiNW 1.10 (1.01-1.31, ±0.08, 30), NDS/NL 
2.24 (0.38--8.26, ±2.33, 30), DLINDS 8.37 (1.22-27.56, ±5.84, 30), NLlKD 
2.48 (1.82-3.86, ±0.42, 30). 
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Satellite: Observations and data taken from mature satellites in 
association. Protomerite compressed anteriorly by association interface, 
depressed oblong to oblong, anterior membranes forming toroidal margin 
at association interface; PSSW 151.6 (95.6-219.6, ±26.62, 30), PL 67.6 
(43.4--87.5, ± 11.82,30), PWE 162.4 (115.8-223.7, ±22.46, 30), PWM 183.4 
(129.9-245.4, ±25.02, 30), PLAM 47.8 (31.6-69.0, ±8.51, 30), PLPM 17.9 
(3.6-31.4, ±7.41, 30), PDSW 184.3 (132.7-238.2, ±25.30, 30), PLIPWE 0.43 
(0.24-0.74, ±O.l2, 30), PLIPWM 0.38 (0.21-0.66, ±0.1O, 30), PLIPDSW 
0.38 (0.22-0.65, ±0.1O, 30), PLAMlPL 0.72 (0.47-0.96, ±0.12, 30), PLAMI 
PLPM 3.41 (1.08-12.01, ±2.22, 30), PWMlPWE 1.13 (1.05-1.27, ±0.04, 
30). Deutomerite obpanduriform to irregularly lomentiform; DL 585.8 
(466.1-684.0, ±67.20, 30), DWE 230.8 (172.9-309.4, ±37.63, 30), DWM 
262.9 (198.9-339.2, ±37.13, 30), DLAM 119.9 (82.7-169.8, ±20.61, 30), 
DLPM 465.1 (345.0--562.4, ±60.46, 30), DLIDWE 2.58 (1.84--3.30, ±0.39, 
30), DLIDWM 2.25 (1.66-2.86, ±0.29, 30), DLAM/DL 0.21 (0.16-0.28, 
±0.03, 30), DLAMIDLPM 0.26 (0.19-0.38, ±0.06, 30), DWM/DWE 1.14 
(1.02-1.30, ±0.07, 30), STL 651.0 (543.2-760.4, ±64.45, 30). Indices: STLI 
PL 9.97 (6.51-15.77, ±2.25, 30), STLlPWM 3.59 (2.73-4.31, ±0.41, 30), 
STLIPWE 4.06 (2.99-4.83, ±0.50, 30), DLIPL 9.01 (5.46-14.71, ±2.23, 30), 
STLIDL 1.11 (1.07-1.19, ±0.03, 30), STLlDWM 2.51 (1.88-3.08, ±0.31, 
30), STLIDWE 2.87 (2.09-3.56, ±0.42, 30), DWMIPWM 1.44 (1.22-1.75, 
±0'13' 30), DWEIPWE 1.43 (1.18-1.84, ±0.17, 30). Nucleus nearly 
orbicular, slightly irregular in outline with single, eccentric orbicular 
karyosome; NL 63.9 (55.4-86.2, ±6.50, 30), NW 69.7 (45.9-416.9, ±65.77, 
30), NDS 202.8 (31.9-509.0, ±141.68, 30), KD 27.6 (18.1-39.1, ±4.40, 30), 
NLINW 1.08 (0.14--1.41, ±0.20, 30), NDSINL 3.14 (0.53-8.34, ±2.18, 30), 
DLINDS 4.96 (1.30--14.62, ±4.00, 30), NLlKD 2.35 (1.81-3.61, ±0.36, 30). 
Gametocysts (Figs. 20-21): White, opaque, irregularly elliptoid, length 
700.2 (658.0--739.4, ±26.69, 30), width 453.0 (433.2-473.2, ±11.13, 30), 
GLlGW 1.50 (1.40--1.70, ±0.06, 30). Gametocysts collected and stored 
under moist conditions dehisced within 24--36 hr, releasing oocysts in 
monete chains by extrusion. 
Oocysts (Figs. 21-22): Dolioform with outline smoothing to incorpo-
rate terminal polar plates, single oocyst residuum simple, smooth, 
orbicular, nearly terminal; OLM 7.9 (7.8-8.0, ±0.08, 30), OLI 7.2 (7.0--
7.4, ±0.12, 30), OW 4.7 (4.6-4.8, ±0.08, 30), PPW 2.2 (2.0--2.5, ±0.14, 30), 
PPL 0.4 (0.3-0.5, ±0.06, 30), ResDia 0.9 (0.8-1.1, ±0.08, 30), OLMIOLI 
1.10 (1.10--1.10, ±0.01, 30), OLM/OW 1.70 (1.60--1.80, ±0.03, 30), OLII 
OW 1.50 (1.50--1.60, ±0.03, 30), PPWIPPL 5.90 (4.40--8.30, ±0.87, 30), 
OW/PPW 2.10 (1.90--2.30, ±O.l2, 30), OLMIPPL 21.00 (15.30--28.10, 
±3.08, 30), OLMlResDia 8.80 (7.30--10.10, ±0.79, 30), OWlResDia 5.20 
(4.40--5.90, ±0.46, 30). 
Taxonomic summary 
Type host: Gromphadorhina portentosa Brunner von Wattenwyl, 1865 
(Dictyoptera: Blattaria: Blaberidae: Oxyhaloinae: Gromphadorhini), 
nymphs and adults. 
Type locality: Laboratory cultures, Department of Entomology, Texas 
A&M University, College Station, Texas. 
Type specimens: Full type series, holotype, and paratype slides, USNPC 
no. 84555-84556, U. S. National Parasite Collection, USDA-Beltsville 
Agricultural Research Center, Beltsville, Maryland; 6 paratype slides 
HMWL no. 38218 and 38219, Harold W. Manter Laboratory for 
Parasitology (HWML), Division of Parasitology, University of Nebraska 
State Museum, Lincoln, Nebraska. 
Site of infection: Trophozoites were collected from ventricular cecae and 
post-intercecal region. Associations were collected from the anterior 
mesenteron. Gametocysts were collected from host feces. 
Prevalence: Prevalence in colony approaches 100%. 
Records: Laboratory cultures, nymphs, and adults, Peru State College, 
Peru, Nebraska. 
Specimens deposited: The voucher slide series for this redescription is 
deposited in the Harold W. Manter Laboratory for Parasitology 
(HWML), Division of Parasitology, University of Nebraska State 
Museum, Lincoln, Nebraska and comprises 31 hapantotype slides 
containing multiple trophozoites, gamonts, and associations accessioned 
as HWMLl00047. 
Remarks 
Blabericola migrator is distinguished from other known species of 
Blabericola by significant differences in overall size and shape of gamonts 
in association (cf. Figs. 24--27 with Figs. 8-11, Figs. 16-19, and Figs. 32-
35; Figs. 36-39), by all metric measures observed except PriNDS, which 
was not significantly different from that of B. cubensis; PriNDS, which 
was not significantly different from that of B. princisi; PriPDSW, 
SatPLAM, SatPLPM, and SatTL, which were not significantly different 
from those of B. haasi; SatPL, SatPLAM, and SatNW, which were not 
significantly different from those of B. cubensis or B. princisi; and 
PriPLPM and PriDLAM, which were not significantly different from 
those of B. haasi or B. princisi. In general, gamonts of B. migrator are 
notably larger than those of other blabericolids by all significant metrics. 
Centroid clustering diagrams of differential gamont metrics (Figs. 36-39) 
readily demonstrate these differences. 
Blabericola migrator is readily distinguished from B. cubensis, B. haasi, 
and B. princisi by significant differences in overall size and shape of 
gametocysts (cf. Fig. 20 with Figs. 4, 12, and 28, respectively; Fig. 40), 
and oocysts (cf. Figs. 22 with Figs. 6,14, and 30, respectively; Figs. 41-43) 
by all metric measures, although the GLlGW index of B. migrator 
gametocysts is not significantly different from that of B. haasi. Although 
similarly elliptoid in shape, the gametocysts of B. haasi are less than half 
the size of the gametocysts of B. migrator (ca. 275 11m X 1811J.ffi vs. 700 IJ.ffi 
X 453 1J.ffi, respectively). Gametocysts of B. cubensis and B. princisi are 
nearly spherical and, thus, readily distinguished from those of B. migrator. 
Although the gamonts and gametocysts of B. migrator are notably larger 
than those of other blabericolids, the oocysts of B. migrator are smaller 
than those of B. cubensis and B. princisi and most similar in size to those of 
B. migrator; nonetheless, they are readily distinguished by OLM/OLI and 
OLI/OW indices (Figs. 41-43). 
Blabericola princisi (Peregrine, 1970) Clopton, 2009 
(= Gregarina princisi Peregrine, 1970) 
(Figs. 28-35) 
Trophozoite (Fig. 31): Young trophozoites solitary, extracellular forms 
attached to host ventricular epithelium. Holdfast a gladiate epimerite 
without diamerite. Protomerite broadly ovoid, markedly constricted at 
protomerite-deutomerite septum. Deutomerite narrowly obovoid. Nucleus 
orbicular with nearly orbicular, smooth-margined, eccentric karyosome. 
Association (Figs. 32-35): Presyzygial, gamontic; gamonts aniso-
morphic due to structures involved in association interface; association 
interface a shallow interlock, posterior end of primite's deutomerite 
embedded in shallow torus formed from anterior membranes of satellite's 
protomerite. Measurements taken from mature gamonts in association. 
Indices: PTLISTL 1.06 (0.91-1.30, ±0.1l, 30), PPLlSPL 1.44 (1.Q9-2.40, 
±0.28, 30), PPWM/SPWM 1.10 (0.89-1.30, ±0.12, 30), PDLlSDL 0.99 
(0.84--1.24, ±0.11, 30), PDWM/SDWM 1.01 (0.71-1.25, ±0.14, 30), 
PDWE/SDWE 0.97 (0.67-1.19, ±0.15, 30). 
Primite: Observations and data taken from mature primites in 
association. Epimerite absent; protomerite ovoid to very broadly ovoid; 
PL 96.6 (77.3-128.6, ±13.1O, 30), PWE 96.8 (73.6-138.8, ±14.64, 30), 
PWM 111.0 (91.1-145.7, ±14.12, 30), PLAM 68.2 (42.4--101.9, ± 14.96,30), 
PLPM 28.5 (17.1-48.6, ±8.62, 30), PDSW 110.0 (90.4--142.5, ±13.37, 30), 
PLIPWE 1.01 (0.67-1.39, ±0.17, 30), PLIPWM 0.88 (0.62-1.09, ±O.ll, 30), 
PLIPDSW 0.88 (0.64--1.08, ±O.1I, 30), PLAMIPL 0.70 (0.46-0.85, ±0.09, 
30), PLAMlPLPM 2.67 (0.91-5.47, ± 1.13, 30), PWMIPWE 1.15 (0.98-1.30, 
±0.08, 30). Deutomerite narrowly obpanduriform to obpanduriform; DL 
447.7 (398.8-495.3, ±24.17, 30), DWE 136.3 (92.1-226.9, ±31.89, 30), 
DWM 152.2 (107.8-231.6, ±30.27, 30), DLAM 87.5 (34.7-328.0, ±62.13, 
30), DLPM 360.1 (147.3-428.5, ±66.38, 30), DLIDWE 3.44 (2.03-5.08, 
±0.72, 30), DLIDWM 3.04 (1.99-4.34, ±0.54, 30), DLAMIDL 0.20 (0.08-
0.69, ±0.14, 30), DLAMIDLPM 0.31 (0.08-2.23, ±0.44, 30), DWMlDWE 
1.13 (1.00--1.28, ±0.07, 30), PTL 543.4 (483.4-601.8, ±33.03, 30). Indices: 
PTLlPL 5.68 (4.68-6.45, ±0.52, 30), PTLlPWM 4.95 (3.92-6.04, ±0.55, 30), 
PTLIPWE 5.71 (4.15-7.35, ±0.79, 30), DLlPL 4.69 (3.67-5.46, ±0.52, 30), 
PTLIDL 1.21 (1.18-1.28, ±0.03, 30), PTLIDWM 3.68 (2.40--5.13, ±0.63, 
30), PTLIDWE 4.17 (2.45-6.01, ±0.85, 30), DWMIPWM 1.37 (1.06-1.93, 
±0.19, 30), DWEIPWE 1.13 (1.00--1.28, ±0.07, 30). Nucleus nearly 
orbicular with single, eccentric orbicular karyosome; NL 45.3 (32.7-63.1, 
±6.10, 30), NW 40.8 (30.6-62.2, ±6.13, 30), NDS 70.1 (9.3-369.7, ±76.76, 
30), KD 16.2 (11.5-21.1, ±2.69, 30), NLINW 1.12 (1.00--1.37, ±0.11, 30), 
NDSINL 1.54 (0.15--8.09, ±1.65, 30), DLINDS 12.73 (1.19-48.51, ±10.09, 
30), NLlKD 2.87 (2.06-4.65, ±0.57, 30). 
Satellite: Observations and data taken from mature satellites in 
association. Protomerite compressed anteriorly by association interface, 
shallowly dolioform to very shallowly ovoid, anterior membranes forming 
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FIGUR ES 28- 35. Blabericola princisi. (28) Gametocysts. (29) Monete oocyst chains dehisced from mature gametocysts. (30) Oocysts. (31) Solitary 
trophozoite with epimerite. (32- 35) Variation in typical mature associations. 
toroidal margin at association interface; PSSW 82.9 (61.3--113.4, ± 12.28, 
30), PL 68.0 (45.2-99.4, ±9.81, 30), PWE 93.1 (72.5-111.2, ± 11.63, 30), 
PWM 101.8 (77.5-129.5, ± 13.27, 30), PLAM 43.2 (28.7-57.8, ±7.78, 30), 
PLPM 24.0 (9.1-46.3, ±9.90, 30), PDSW 102.0 (77.7-131.1, ± I 3.43, 30), 
PLiPWE 0.74 (0.41-1.01 , ±0.14, 30), PLlPWM 0.68 (0.36-D.94, ±0.14, 30), 
PLlPDSW 0.68 (0.36--D.94, ±0.14, 30), PLAM/PL 0.64 (0.43-0.84, ±0.12, 
30), PLAM/PLPM 2.17 (0.74-4.69, ± 1.04, 30), PWMlPWE 1.09 (0.98- 1.24, 
±0.06, 30). Deutomerite narrowly obovoid to obpanduriform; DL 455.5 
(353.0-527.8, ±51.41, 30), DWE 142.9 (89.4-207.6, ±34.97, 30), DWM 
153.6 (107.6--224.1, ±35.86, 30), DLAM 117.3 (50.1-322.8, ±63.85, 30), 
DLPM 335.8 (132.3-428.6, ±75.31, 30), DLiDWE 3.38 (2.04-5.28, ±0.93, 
30), DLlDWM 3.12 (2.01-4.86, ±0.82, 30), DLAMIDL 0.26 (0.11-D.67, 
±0.14, 30), DLAM/DLPM 0.43 (0.14-2.08, ±0.45, 30), DWM/DWE 1.08 
(0.97-1.22, ±0.07, 30), STL 517.9 (402.3-594.9, ±55.32, 30). Indices: STLI 
PL 7.72 (5.59- 1l.l1, ± 1.15, 30), STLlPWM 5.16 (3.88-6.83, ±0.79, 30), 
STLIPWE 5.64 (3.92-7.48, ±0.88, 30), DLlPL 6.80 (5.03-10.07, ± 1.09, 30), 
STLIDL 1.14 (1.08-1.18, ±0.02, 30), STLlDWM 3.56 (2.29- 5.42, ±0.93, 
30), STLIDWE 3.85 (2.32- 6.03, ± 1.06, 30), DWM/PWM 1.50 (1.06-1.96, 
±0.22, 30), DWE/PWE 1.52 (1.16--2.14, ±0.24, 30). Nucleus nearly 
orbicular with single, nearly concentric orbicular karyosome; NL 44.8 
(28.5- 57.7, ±6.11, 30), NW 39.1 (20.6--55.3, ±6.30, 30), NDS 125.2 (9.0-
389.5, ±99.80, 30), KD 14.9 (7.7- 21.3, ±3.08, 30), NLINW 1.16 (1.00- 2.01, 
±0.19, 30), NDSINL 2.87 (0.20-8.20, ±2.38, 30), DLINDS 8.15 (1.35-
55.39, ±10.24, 30), NLlKD 3.!0 (2.15-4.20, ±0.55, 30). 
Gametocysts (Figs. 28-29) : White, opaque, irregularly orbicular to 
elliptoid, length 368.4 (337.6-406.1 , ±20.28, 30), width 344.9 (317 .1-381.5, 
± 19.03, 30), GLlGW 1.10 (1.00- l.l0, ±0.03, 30). Gametocysts collected 
and stored under moist conditions dehisced within 24-36 hr, releasing 
oocysts in monete chains by extrusion. 
Oocysts (Figs. 28- 29) : Doliofonn with outline smoothing to incorpo-
rate terminal polar plates, single oocyst residuum simple, smooth, 
orbicular, nearly terminal; OLM 8.9 (8 .7- 9.1, ±O.!O, 30), OLI 7.3 (7.1-
7.5, ±0.15, 30), OW 5.1 (5.0-5.2, ±0.06, 30), PPW 2.8 (2.5- 3.1, ±0.!7, 30), 
PPL 0.8 (0.5-1.2, ±0.15, 30), ResDia 1.0 (0.8- 1.2, ±O.ll , 30), OLM/OLI 
1.20 (1.20- 1.30, ±0.03, 30), OLM/OW 1.70 (1.70-1.80, ±0.04, 30), OLII 
OW 1.40 (1.40-1.50, ±0.03, 30), PPW/PPL 3.50 (2.30-5.70, ±0.79, 30), 
OW/PPW 1.80 (1.60-2.10, ±O.II, 30), OLM/PPL 11.00 (7.50-17.20, 
±2.!4, 30), OLM/ResDia 8.60 (7.30-11.50, ±0.98, 30), OW/ResDia 5.00 
(4.1 0-6. 70, ±0.57, 30). 
Taxonomic summary 
Type host: Blaberus boliviensis Princis, 1946 (Dictyoptera: Blattaria: 
Blaberidae: Blaberinae). 
Type locality: Laboratory cultures, Department of Zoology, University 
College Cardiff (Cardiff University), Cardiff, Wales, U. K. 
Types specimens: Holotype is a hapantotype slide, registration 
number 1970:3:3:2, The Natural History Museum, London, England, U. K. 
Site of infection: Trophozoites were collected from ventricular cecae and 
post-intercecal region. Associations were collected from the anterior 
mesenteron. Gametocysts were collected from host feces. 
Prevalence: Prevalence in colony approaches 100%. 
Records: Laboratory cultures, nymphs, and adults, Peru State College, 
Peru, Nebraska. 
Specimens deposited: The voucher slide series for this redescription is 
deposited in the Harold W. Manter Laboratory for Parasitology 
(HWML), Division of Parasitology, University of Nebraska State 
Museum, Lincoln, Nebraska and comprises 22 hapantotype slides 
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containing multiple trophozoites, gamonts, and associations accessioned 
as HWMLl00048. 
Remarks 
Blabericola princisi is readily distinguished from B. haasi and B. 
migrator by significant differences in overall size and shape of gamonts in 
association (cf. Figs. 32-35 with Figs. 16-19 and Figs. 24-27, respectively; 
Figs. 36-39) by all metric measures observed except PriPLPM, PriDLAM, 
PriNDS, SatPL, and SatDLAM, which were not significantly different 
from those of B. migrator. In general, gamonts of B. princisi are larger 
than those of B. haasi but smaller than those of B. migrator by all 
significant metrics. Gamonts of B. princisi are most similar to those of B. 
cubensis (cf. Figs. 32-35 with Figs. 8-11; Figs. 36-39) but exhibit 
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consistently and significantly smaller PriPWE, PriDWE, PriDWM, PriNL, 
PriNW, PriKD, PSSW, SatPWE, SatPWM, SatPDSW, SatNL, and SatKD 
metrics. In general, gamonts of B. princisi possess deutomerites that are 
narrower and more obviously obpanduriform than those of B. cubensis. The 
primite protomerites are elliptoid or ovoid in B. cubensis but deltoid in B. 
princisi. Centroid clustering diagrams of differential gamont metrics 
(Figs. 36-39) readily demonstrate significant differences between all 4 
species while illustrating the significant metric overlap of B. cubensis and B. 
princisi. The toroidal margin of the primite-satellite interface formed by the 
anterior membranes of the satellite protomerite is much longer and more 
pronounced in B. princisi than in B. cubensis (cf. Figs. 32-35 and 8-11, 
respectively), a consistent difference also noted by Peregrine (1970) in her 
original descriptions of these taxa. Gamonts in association can be used to 
diagnose populations of B. cubensis from other known species, but 
differences are much more clearly demonstrated in correlating characters 
observed in gametocysts and oocysts. 
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Blabericola princisi is readily distinguished from B. cubensis, B. haasi, 
and B. migrator by significant differences in overall size and shape of 
gametocysts (cf. Fig. 28 with Figs. 4, 12, and 20, respectively; Fig. 40) and 
oocysts (cf. Figs. 30 with Figs. 6, 14, and 22, respectively; Figs. 41-43) by 
all metric measures observed. Gametocysts of B. cubensis and B. princisi 
are nearly spherical but those of B. haasi and B. migrator are distinctly 
elliptoid. The gametocysts of B. cubensis are larger than those of B. princisi 
(ca. 457 ~m and 368 ~ in diameter, respectively). The oocysts of B. 
cubensis are larger than those of B. haasi and B. migrator but smaller than 
those of B. cubensis; however, oocysts of all 4 species are readily 
distinguished by OLM/ OW, OLM/OLI, and OLI/OW indices (Figs. 41-
43). 
DISCUSSION 
Any study of biodiversity begins with a definition of basic 
biological units, usually species, before any attempt is made to 
elucidate meaningful evolutionary relationships among taxa. The 
systematics and taxonomy of the Eugregarinorida have tradition-
ally depended upon morphological, life cycle, and host associa-
tion characters to recognize and delineate taxa in the species 
group. Increasing use of molecular sequence data to infer 
phylogeny within the group has led some authors to question 
the utility of established character sets and suggest that species 
delineation should depend on molecular sequence evidence 
(Rueckert and Leander, 2009; Rueckert et aI., 2011). This view 
may reflect the often laborious effort required to collect and 
analyze morphological and life cycle data rather than any actual 
question of their utility (e.g., see Rueckert and Leander [2009] on 
the "difficulty" of using merogony as a viable character 
delineating Selenidium [Eugregarinida] and Selenidioides [Archi-
gregarinida]). 
Rueckert, Villette, and Leander (2011) purport to test the utility 
of morphological and molecular sequence characters in establish-
ing species boundaries in the aseptate gregarine Lecudina tuzetae 
Schrevel, 1963. The study is not a good test of the use of 
morphological or molecular techniques in delineating species 
because the morphological techniques were inappropriate, sample 
sizes were too small, and only 1 species was included in the design. 
The study is limited to 2 populations of a single gregarine species 
collected from polychete worms near Vancouver, Canada. The 
morphological methods used fail to recognize or account for 
known causes of morphotypical variation within a species that are 
addressed by most standardized protocols in the discipline. For 
example, morphological sample sizes (in this case, only 5 to 7 
individuals for each of 3 morphotypes characterized) were too 
small to provide an accurate estimate of the population centroid 
(see Clopton, 2006), and the authors failed to distinguish mature 
gamonts from immature trophozoites and, thus, introduced 
developmental variation into the data set (see Filipponi, 1951; 
Watwood et aI., 1997; Clopton, 1999). Moreover, the protocols 
created obvious osmotic artifacts and variability by failure to 
correctly fix permanent specimens for mensural data collection 
(see Clopton, 1999). Rueckert, Villette, and Leander (2011) 
concluded that both molecular and morphological characters 
have difficulty delimiting the "clouds of variation" associated 
with morphotype and geography. Unfortunately, their study does 
not provide a test of species boundaries for either character set: 
there is only 1 species involved and, thus, the "clouds of 
variation" simply reflect the normal variation within this species. 
The study presented herein, and similar published studies 
(Clopton, 2006; Clopton et aI., 2010; Clopton, 2011), clearly 
demonstrate that morphometric techniques can confidently 
delimit and describe gregarine species. However, in order to use 
these techniques to parse meaningful species variation, any 
morphometric study of gregarine species boundaries must 
recognize and address 6 principles. 
First, delineating species boundaries and describing species is 
fundamentally a population-level endeavor. The objective is to 
describe the centroid and normal variation of a population or 
metapopulation and not to describe an individual. As such, 
subsequent gregarine identification is also a population-level 
venture. As is often the case with members of Protista, species-
level identification of a single individual is daunting, if not 
impossible, and is a questionable test of techniques or data used 
for species recognition and delineation. 
Second, sample size must be sufficient to accurately reflect the 
population centroid and variation of morphometric characters 
and allow discrimination of underlying categorical shape charac-
ters. For each life cycle stage used in a description, the sample size 
should include at minimum 30-45 individuals so that develop-
mental outliers can be recognized and excluded from the 
description of normal species variation. Collecting an adequate 
sample size is rarely problematic in gregarine taxonomy, given the 
typical intensity and prevalence associated with gregarine 
infection in an invertebrate population. 
Third, careful study of developmental and life cycle stage 
variation is required in order to correctly identify life cycle stages 
and select mature, representative specimens for morphometric 
analysis (see Filipponi, 1951; Watwood et aI., 1997; Clopton, 
1999). Watwood et al. (1997) demonstrate that most of the 
gregarines in a population infecting a single host are immature. 
Mature, and thus morphometrically informative, gamonts make 
up only a small fraction of the infection in any given host. 
Immature specimens must be eliminated from the descriptive 
analysis because they are outliers that shift the centroid and 
increase the variation of a population, inaccurately representing 
the normal centroid and variation of the species under study. 
Fourth, descriptions must consider, and account for, sexual 
dimorphism in mature gamonts (Filipponi, 1947, 1951, 1952, 
1954, 1955; see Clopton [2009] for a discussion of gamont 
maturity, gamontic anisomorphy, and the taxonomic issues of 
precocious association). If sexual dimorphism is apparent, sexes 
should be analyzed and described separately, but characters from 
both sexual morphs could be combined to delineate a species 
boundary (e.g., Fig. 38). In gregarine taxa with isogamonts, no 
such differentiation is required (e.g., Stylocephalidae and 
Actinocephalidae ). 
Fifth, morphometric and categorical shape data must be taken 
from uniformly prepared specimens with minimal artifacts due to 
fixation or physiology. These data should be acquired from 
permanent specimens that have been carefully fixed and stained 
(Clopton, 1999). Data taken from live specimens should be 
avoided because they are usually highly variable due to changes in 
size and shape caused by heat, osmotic differential, and myoneme 
constriction. At best, variation from these sources can obscure the 
true population centroid and exaggerate the population variation 
of a species. At worst, these artifacts lead to the recognition of 
multiple false morphotypes within a single species. 
Finally, any attempt to delimit gregarine species must be 
comparative and must consider variation in a large character set 
over multiple life cycle stages. Species that cannot be confidently 
distinguished using gamonts or trophozoites may, however, be 
readily differentiated using oocyst characters alone (e.g., Clopton, 
1999). These data must be analyzed in light of comparable data from 
closely related species. As the study presented herein demonstrates, 
this often means synoptic collection of new data sets from closely 
related species because of the limited number of gregarine species for 
which there is an adequate public specimen base. 
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A NEW GENUS AND SPECIES OF CESTODE (RHINEBOTHRIIDEA) FROM MOBULA KUHLII 
(RAJIFORMES: MOBULIDAE) FROM MALAYSIAN BORNEO 
Kathryn L. Eyring*, Claire J. Healyt, and Florian B. Reyda 
Biology Department and Biological Field Station, State University of New York, College at Oneonta, Ravine Parkway, Oneonta, New York 13820, 
e-mail: Florian.Reyda@oneonta.edu 
ABSTRACT: The cestode fauna of the shortfin devilray, Mobula kuhlii (Muller & Henle, 1841) was examined for the first time. The 
work resulted in the discovery of a new genus and species of rhinebothriidean tapeworm. Crassuseptum pietrafacei, n. gen, n. sp. is 
erected here on the basis of its unique scolex and proglottid morphology. Histological sections and examination by light and scanning 
electron microscopy demonstrated that this new genus differs from all other rhinebothriidean genera in its possession of bothridia in 
which the proximal and distal sides are confluent, i,e., not separated by a rim of tissue, and in its possession of testes that extend to the 
posterior margin of the ovary. This new species is characterized in part by its possession of stalked, elongate bothridia lacking lateral 
constrictions, with 13~15 prominent transverse bothridial septa and 4 reduced transverse septa, craspedote proglottids, each with 2~3 
layers of testes in cross section, and a vas deferens that joins the cirrus sac at its anterior margin. Histological and optical sections 
through bothridial septa revealed that the transverse septa are formed by septal muscles separate from bothridial radial musculature, 
extending from the anterior side to the posterior side of each septum. This is only the second species rhinebothriidean cestode reported 
from mobulids. This study adds to the number of new species and genera of elasmobranch cestodes discovered off of the island of 
Borneo. 
A recently undertaken comprehensive survey of near-shore 
elasmobranchs and their metazoan parasites in Borneo has 
uncovered a diversity of new host and parasite taxa. These dis-
coveries have culminated in descriptions of new species, including 
new elasmobranch species (e.g., see Last et aI., 2005), and new 
parasite species. Among the newly described metazoan parasites 
are copepods (Boxshall et aI., 2008), and monogeneans (e.g., 
Chisholm and Whittington, 2005), as well as dozens of new 
cestode species (e.g., Fyler and Caira, 2006; Jensen, 2006; Jensen 
and Caira, 2006; Reyda and Caira, 2006; Caira et aI., 2007; 
Twohig et aI., 2008; Kuchta and Caira, 2010; Desjardins and 
Caira, 2011). In fact, several of the new species of cestodes 
encountered in Borneo represent new genera (e.g., Jensen, 2005; 
Ruhnke et aI., 2006; Jensen et aI., 20ll). 
In this article we describe a new species and genus of cestode 
that conforms to the diagnosis of the recently characterized order 
Rhinebothriidea Healy, Caira, Jensen, Webster and Littlewood, 
2009. This new taxon, like many species of elasmobranch cestode 
discovered off Borneo, necessitated the erection of a new genus 
because of its unique scolex and proglottid morphology. 
MATERIALS AND METHODS 
The following specimens of Mobula kuhlii (shortfin devil ray), were 
collected using trawling nets and examined for cestodes: I immature 
male from the South China Sea near Serna tan, Sarawak, Malaysia 
(01 °48' 15.45"N, 109°46' 47. 17"E), collected in June of 2002; I immature 
male from the Celebes Sea near Tawau, Sabah, Malaysia (04°14'34.25"N, 
I 17°53'00.57"E), collected in June of 2002. Images of both hosts (Nos. BO-
15 and HBO-122) may be searched and viewed in the elasmobranch 
host component (http://tapewormDB.uconn.edu/hosts.php) of the Global 
Cestode Database (http://tapeworms.uconn.edu). Ray tissue samples were 
saved in 95% ethanol, and morphological identification of specimens was 
subsequently verified with the use of molecular sequence data (detailed in 
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Naylor et aI., 2012). Spiral intestines were removed and opened with a 
longitudinal incision. They were placed in commercial formalin, i.e., 37% 
by weight, buffered in seawater (1:9) and vigorously shaken for 
approximately I min. They were stored in fixative for 1-4 wk and then 
transferred to 70% ethanol. Worms were subsequently removed and 
processed as described below. 
Cestodes prepared as whole mounts were hydrated in a graded ethanol 
series, stained in Delafield's hematoxylin, dehydrated in a graded ethanol 
series, cleared in methyl salicylate, and mounted on glass slides in Canada 
balsam. Cestodes prepared as histological sections were dehydrated in a 
graded ethanol series, cleared in xylene, embedded in TissuePrep (Fisher 
Scientific, Fairlawn, New Jersey), and 8-llm sections were cut with the use 
of an Olympus CUT4060 retracting rotary microtome, Sections were 
affixed to glass slides with a 2.5% sodium silicate solution, stained with 
Delafield's hematoxylin and eosin (H&E), differentiated in Scott's solu-
tion, dehydrated in a graded ethanol series, cleared in xylene, and 
mounted in Canada balsam. A portion of each worm sectioned was 
prepared as a whole mount, as above, and kept as a voucher. Each scolex 
prepared for scanning electron microscopy (SEM) was cut from its 
strobila with a scalpel, and the strobila was prepared as a whole mount, as 
above, and kept as a voucher. Scolices prepared for SEM were hydrated in 
a graded ethanol series, placed in 1.5% osmium tetroxide for 1O~24 hr, 
dehydrated in a graded ethanol series, dried with the use of hexamethyl-
disilizane (Ted Pella, Inc., Redding, California), mounted on aluminum 
stubs with double-sided carbon tape, in some cases also grounded with 
carbon paint, sputter coated with ~ 100-400 A of gold/palladium, and 
examined with a LEO/Zeiss DSM 982 Gemini Field Emission Scanning 
Electron Microscope. 
All measurements were generated with the use of an ocular micrometer 
and are presented in the text. For each measurement, the range is followed 
in parentheses by the mean, standard deviation, number of worms 
measured, and number of measurements taken if more than 1 measurement 
was taken per worm. Illustrations were made with the aid of a drawing 
tube. 
Museum abbreviations used are as follows: IPMB, Institut Penyelidikan 
Marin Borneo (Borneo Marine Research Institute), Universiti Malaysia 
Sabah, Kota Kinabalu, Sabah, Malaysia; LRP, Lawrence R. Penner 
Parasitology Collection, University of Connecticut, Storrs, Connecticut, 
United States; MZUM (P), Muzium Zoologi, Universiti Malaya, Kuala 
Lumpur, Malaysia; ROMIZ, Royal Ontario Museum, Invertebrate 
Zoology collection, Toronto, Ontario, Canada; USNPC, United States 
National Parasite Collection, Beltsville, Maryland, United States. 
Microthrix terminology follows Chervy (2009). 
DESCRIPTIONS 
Crassuseptum n. gen. 
Diagnosis: Rhinebothriidea, sensu Healy et al. (2009); Rhinebothriidae, 
sensu Euzet (1994) (as Rhinebothriinae Euzet, 1956). Worms euapolytic. 
Scolex conslstmg of scolex proper and 4 stalked bothridia. Anterior 
specialized region of bothridium in form of loculus. Bothridia elongate 
in form, divided into loculi by prominent transverse septa, lacking 
longitudinal septum and marginal loculi. Transverse septa formed by 
septal muscles separate from bothridial radial musculature, extending 
from anterior side to posterior side of septum. Center of bothridium with 
less prominent transverse septa. Proximal and distal sides of bothridia 
confluent, not separated by rim of tissue. Proglottids craspedote. Im-
mature proglottids wider than long, mature proglottids longer than wide. 
Genital pores lateral, irregularly alternating. Testes numerous, in multiple 
columns in dorsoventral view, 2-3 layers deep in cross section, present in 
postvaginal field and between dorsal and ventral ovarian lobes on poral 
and aporal sides of proglottid, extending from anterior margin of 
proglottid to near posterior margin of proglottid. Vas deferens coiled, 
entering anterior margin of cirrus sac. Cirrus bearing spinitriches. Vagina 
next to or slightly overlapping, but not crossing, cirrus sac, opening 
anterior to cirrus in genital atrium. Ovary in posterior end of proglottid, 
H-shaped in dorsoventral view, tetralobed in cross section. Vitelline 
follicles in lateral columns, extending from anterior to posterior margin of 
proglottid. Uterus ventral, extending to posterior margin of proglottid; 
uterine duct present. Parasites of spiral intestine of mobulid rays. 
Taxonomic summary 
Etymology: The name derives from crassus (Gr., thick) and septum, to 
refer to the remarkably thick transverse septa on the bothridia of this taxon. 
Remarks 
Crassuseptum sp. is erected for a cestode species with a scolex bearing 
stalked bothridia. Healy et al. (2009) used the presence of stalked 
bothridia on the scolex to distinguish the Rhinebothriidea from all other 
acetabulate cestode orders, and presented some morphological data that 
distinguished the rectangular, i.e., having parallel sides, stalks of 
rhinebothriideans from the more triangular stalk-like structures of several 
tetraphyllidean genera (see also Cutmore et aI., 2010). The new genus is 
placed within the Rhinebothriidea because it exhibits stalks with parallel 
sides and is consistent with the diagnosis of the order given by Healy et al. 
(2009). In addition, Crassuseptum sp. is distinguished from tetraphyllidean 
taxa by its possession of a vas deferens that joins the anterior margin, 
rather than the proximal tip, of the cirrus sac, a character state that is 
restricted to the Rhinebothriidea (see Healy, 2006). Crassuseptum sp. is 
similar to members of the tetraphyllidean genus Caulobothrium Baer, 
1948. However, in addition to the above characteristics, Crassuseptum sp. 
is distinct from Caulobothrium in that Crassuseptum sp. possesses a cirrus 
armed with spinitriches. Members of Caulobothrium appear to lack 
spinitriches on the cirrus, unlike most other tetraphyllideans and all 
rhinebothriideans, which possess spinitriches on the cirrus. 
As defined by Healy et al. (2009), the Rhinebothriidea includes the 
following genera: Anthocephalum Linton, 1890; Echeneibothrium van 
Beneden, 1850; Rhabdotobothrium Euzet, 1953; Rhinebothrium Linton, 
1890; Rhinebothroides Mayes, Brooks and Thorson, 1981; Rhodobothrium 
Linton, 1889; Scalithrium Ball, Neifar, and Euzet, 2003; and Spongio-
bothrium Linton, 1889. In his monograph on the Phyllobothriidae 
(Tetraphyllidea), Ruhnke (2011) concurred with this generic membership 
of the order and identified 9 other genera as provisional members of the 
Rhinebothriidea: Biotobothrium Tan, Zhou and Yang, 2009; Clydonobo-
thrium Euzet, 1959; Escherbothrium Berman and Brooks, 1994; Notome-
garhynchus Ivanov and Campbell, 2002; Pararhinebothroides Zamparo, 
Brooks and Barriga, 1999; Pentaloculum Alexander, 1963; Phormobo-
thrium Alexander, 1963; Pseudanthobothrium Baer, 1956; and Tritaphros 
Lonnberg, 1889. Additional genera, some of them listed by Healy et al. 
(2009) as potential rhinebothriideans deserving further study, will not be 
considered here, because Ruhnke (2011) confirmed their placement in the 
Tetraphyllidea as provisional members or incertae sedis within the 
Phyllobothriidae Braun, 1900 (Anindobothrium Marques, Brooks and 
Lasso, 2001; Anthobothrium Van Beneden, 1850; Carpobothrium Shipley 
and Hornell, 1906; Caulobothrium Baer, 1948; Clistobothrium Dailey and 
Vogelbein, 1990; Marsupiobothrium Yamaguti, 1952; Myzocephalus 
Shipley and Hornell, 1906; Myzophyllobothrium Shipley and Hornell, 
1906; and Rhoptrobothrium Shipley and Hornell, 1906) or as members of 
the Serendipidae Brooks and Barriga, 1995 (Duplicibothrium Williams and 
Campbell, 1978; Glyphobothrium Williams and Campbell, 1977; and 
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Serendip Brooks and Barriga, 1995). Several Phyllobothrium species were 
treated by Ruhnke (2011) as incertae sedis within Phyllobothrium and 
considered by him to be likely members of the Rhinebothriidea. These 
species are not considered here, as they were described as possessing 
marginal loculi, or lacking transverse septa, or both. 
Crassuseptum is distinct from all other valid and provisional rhinebo-
thriidean genera in that it possesses bothridia in which the proximal and 
distal sides are confluent, i.e., are not separated by a rim of tissue, as in 
other rhinebothriideans, and in that it possesses testes that extend to 
the posterior margin of the ovary, rather than extending only to level of 
the genital atrium or anterior ovarian lobes. It further differs from 
Rhabdotobothrium, Rhinebothrium, Rhinebothroides, Spongiobothrium, and 
some members of Echeneibothrium in lacking (rather than possessing) a 
longitudinal bothridial septum. It is easily distinguished from Anthocepha-
lum and Rhodobothriuni in that it possesses complete transverse septa 
(rather than incomplete transverse septa or septa forming marginal loculi). 
It further differs from Echeneibothrium in lacking, rather than possessing, 
an apical organ. Crassuseptum is most similar to Scalithrium in scolex 
morphology, but differs in possessing, rather than lacking, postvaginal 
testes, and possessing testes arranged in 2-3 layers, rather than a single 
layer, in cross section. Additionally, the proximal and distal sides of the 
bothridia are confluent in Crassuseptum, whereas they are separated by a 
thin rim of tissue in Scalithrium (see Ball et aI., 2003). In addition to these 
described genera, Healy et ai. (2009) included 4 undescribed genera, called 
New Genus 1, New Genus 2, New Genus 3, and New Genus 4, in the 
Rhinebothriidea. Based on the figures illustrating exemplar species of those 
genera (see Figs. 7-10 in Healy et aI., 2009), Crassuseptum differs from New 
Genus 1 in that the posterior margin of the bothridium is entire, rather than 
bifid, and differs from New Genera 2, 3 and 4, in lacking, rather than 
possessing, 1, to several, longitudinal septa. 
Family-level classification within the Rhinebothriidea is unsettled. Two 
families, Rhinebothriidae Euzet, 1956 and Echeneibothriidae de Beauchamp, 
1905, reside within tlie order, but several valid and provisional rhinebo-
thriidean genera are currently unassigned to family. In fact, based on the most 
comprehensive phylogenetic study of rhinebothriideans to date, the 2 
accepted families include only a subset of the diversity in the order, leaving 
a robust and diverse clade of rhinebothriideans, including Anthocephalum and 
several undescribed genera, without clear familial affiliation (Healy et aI., 
2009). In the absence of a phylogenetic analysis, it is unclear if Crassuseptum 
is a member of this clade, or a clade containing the echeneibothriids, 
rhinebothriids, and other unassigned genera (see Healy et aI., 2009). 
However, given the morphological similarities between Scalithrium and 
Crassuseptum, we predict tliat the phylogenetic affmities of this new genus are 
with the latter clade. Based on the morphological data at hand, we propose 
Crassuseptum as a member of the Rhinebothriidae. Crassuseptum lacks an 
apical organ in the form of a glandulomuscular myzorhynchus, character-
istic of the Echeneibothriidae (see diagnosis of this group, as Echeneibo-
thriinae de Beauchamp, 1905, in Euzet, 1994). Crassuseptum is consistent 
with the diagnosis of the Rhinebothriidae, in that it possesses bothridia 
divided into loculi by septa and lacks a myzorhynchus (see diagnosis of this 
group, as Rhinebothriinae Euzet, 1956, in Euzet, 1994). Testing this 
taxonomic placement using molecular data awaits obtaining specimens of 
Crassuseptum from which molecular data may be collected. 
DESCRIPTION 
Crassuseptum pietrafacei n. gen., n. sp. 
(Figs. 1-17) 
Diagnosis (based on whole mounts of 20 complete and mature worms, 
cross sections of 3 proglottids, longitudinal sections of 3 scolices, and 6 
SEM specimens): Worms (Fig. 4) euapolytic, 6-15 (11 ± 2.7; 20) mm 
long; maximum width 490--840 (657 ± 101; 18) at level of proglottids at or 
posterior to midstrobila; 15-50 (28 ± 8; 20) proglottids per worm. 
Cephalic peduncle absent, neck 130--4,100 (1,660 ± 984; 20) long. 
Scolex (Figs. 1, 8, 9) consisting of scolex proper bearing remnant apical 
organ and 4 stalked bothridia. Proximal and distal sides of bothridia 
confluent, not separated by rim of tissue. Anterior specialized region of 
bothridium in form of loculus (Fig. 10). Bothridia narrow, 475-700 (561 
± 64; 18; 20) long, maximum width 53-88 (68 ± 8; 18) located adjacent to 
middle of bothridium and area of stalk attachment to bothridium, lacking 
lateral constrictions, divided into loculi by 13-15 (13.7 ± 1; 20; 23) 
prominent transverse septa (Figs. 1, 8, 9). Middle portion of bothridial 
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FIGURES 1-4. Line drawings of Crassuseptum pietrafacei n. gen., n. sp. (1) Scolex (Holotype). (2) Mature proglottid (Paratype); note that for clarity, 
only I of 2-3 layers of testes throughout the proglottid are drawn. Arrows indicate location of cross sections shown in Figures 16-17. Asterisk (*) 
indicates portion of proglottid, corresponding to ovary, in which not all testes are drawn. (3) Detail of tenninal genitalia (Paratype). (4) Whole 
wonn (Paratype). 
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FIGURES 5-7. Histological and optical sections of scolex of Crassuseptum pietrafacei n. gen. , n. sp. (5) Optical, longitudinal section through anterior 
portion of bothridium (USNPC No. 105266). (6) Histological, longi tudinal section through anterior portion of bothridium (LRP No. 7796). (7) 
Histological, longitudinal section through middle ofbothridium (LRP No. 7795). Abbreviations: m, middle region ofbothridium; r, radial musculature; 
s, septal musculature. Asterisk (*) denotes 2 reduced septa on each side of middle of bothridium. Scale bars: 50 11m. 
surface bearing 4 additional, reduced transverse septa (Figs. 7, 8). 
Anterior and posterior portions of bothridia each divided into 7-8 (7.3 
± 0.5; 20; 23) loculi by 6-7 (6.3 ± 0.5; 20; 23) prominent transverse septa 
that extend laterally to edge of proximal bothridial surface (Figs. 8, 9). 
Transverse septa 73-105 (89 ± I I; 19) wide, 42- 58 (50 ± 5; 9) long, 
formed by septal muscles separate from bothridial radial musculature, 
extending from anterior side to posterior side of septum (Figs. 5, 6). 
Anteriormost and posteriormost loculi (Fig. I) similar, 10- 15 (12 ± 2; 19) 
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FIGURES 8-15. Scanning electron micrographs (SEMs) of Crassuseptum pietrafacei n. gen., n. sp. (8) Scolex. Small numbers indicate locations of 
detail shown in Figures 11 - 14. (9) Scolex. Small numbers indicate locations of detail shown in Figs. 10, 15. (10) Anterior loculus distal bothridial 
surface. (11) Other loculus on distal bothridial surface. (12) Middle, nonloculated, portion of bothridium. (13) Proximal bothridial surface. (14) Stalk, 
note cilium. (15) Strobila. Scale bars: 8, 100 J.lm; 9, 200 J.lm; 10, 10 J.lm; 11- 15,2 J.lm. 
long by 18-30 (23 ± 3; 19) wide. Stalks 80- 208 (130 ± 34; 19; 20) long by 
48-100 (74 ± 14; 19; 20) wide; stalk attached to middle of bothridium. 
Anterior loculus on distal bothridial surface (Figs. 10, II), bearing only 
acicular filitriches and isolated cilia; transverse septa, other loculi (Fig. II) 
and middle portion of bothridia (Fig. 12), bearing acicular filitriches, 
coniform spinitriches, and few cilia. Proximal bothridial surface bearing 
acicular filitriches and coniform spinitriches (Fig. 13). Bothridial stalks 
(Fig. 14) bearing acicular filitriches and cilia; strobilar surfaces (Fig. 15), 
bearing acicular filitriches. 
Proglottids craspedote, overlapping velum 20-80 (46 ± 16; 20) long. 
Greatest proglottid width 380-840 (632 ± 123; 20), located near terminal 
proglottid; 1- 10 (5 ± 3; 20) proglottids longer than wide. Posterior 2- 5 (3 ± 
0.9; 20) proglottids mature; 0-3 (2 ± I; 20) proglottids with greatly expanded 
vas deferens and spent testes . Tenninal proglottid (Fig. 2) 840-2,250 (1,504 ± 
422; 20) long by 250-665 (492 ± 106; 20) wide, with genital pore located 79-
91% (86 ± 3; 20) of proglottid length from proglottid posterior margin. 
Testes (Figs. 2, 16, 17) in mature proglottids 40-100 (69 ± 16; 20; 57) long by 
25- 80 (49 ± 12; 20; 57) wide, 2-3 layers deep in cross section, in multiple 
columns in dorsoventral view, extending from anterior margin of proglottid 
to posterior margin of ovary; neither total count nor drawing of full extent of 
testes were possible because of multilayered arrangement and placement 
between darkly staining lobes of ovary. Testes in postvaginal field sometimes 
overlap cirrus sac; testes in primary field sometimes overlap cirrus sac; testes 
at level of ovary lie between dorsal and ventral ovarian lobes (Fig. 17). Vas 
deferens coiled, entering anterior margin of cirrus sac (Fig. 3), extending from 
between anterior ovarian lobes to anterior margin of cirrus sac. Cirrus sac 
(Fig. 3) oval or slightly bent posteriorly, extending approximately to midline 
of proglottid. Cirrus sac in terminal mature proglottids 160-250 (199 ± 42; 4) 
long by 90-155 (109 ± 132; 4) wide. Cirrus sac in terminal proglottids with 
greatly expanded vas deferens and spent testes 200-290 (246 ± 26; 16) long by 
100-175 (145 ± 21; 16) wide. Cirrus armed with spinitriches 7-8 (7 ± 0.4; 6) 
long, Vagina thick-walled, sinuous, extending along or slightly overlapping 
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FIGURES 16-17. Histological sections of proglottid of Crassuseptum pietrafacei n. gen., n. sp. (16) Cross section at level of testes. (17) Cross section at 
level of ovarian isthmus (LRP No. 7787). Abbreviations: DED, dorsal excretory duct; 0, ovary; T, testis; U, uterus; VA, vagina; VD, vas deferens; VED, 
ventral excretory duct; VI, vitellaria. Scale bars: 100 ~m. 
anterior margin of cirrus sac then posteriorly to ovarian bridge; vaginal 
sphincter present. Ovary in posterior end of proglottid, lobulated, H-shaped 
in dorsoventral view, tetralobed in cross section (Fig. 17). Ovarian lobes 
essentially symmetrical, ovary in terminal mature proglottids 420--630 (SSS ± 
93; 4) long, ovary in terminal proglottids with greatly expanded vas deferens 
and spent testes 4SO-- I, I SO (708 ± 200; 16) long. Maximum width of ovary in 
terminal mature proglottids l40--S00 (293 ± ISS; 4); maximum width of 
ovary in terminal proglottids with greatly expanded vas deferens and spent 
testes 270--SlO (367 ± 68; 16). Ovarian isthmus near or posterior to midpoint 
of ovary. Vitelline follicles extensive, 18-60 (39 ± 12; 20; 60) long by 13-38 
(20 ± 6; 20; 60) wide, located in numerous lateral columns, extending from 
posterior to anterior margin of proglottid, interrupted ventrally, or both 
dorsally and ventrally, by genital atrium. Uterus ventral, extending from 
posterior to anterior margin of proglottid; uterine duct present, extending 
from oocapt region to join uterus near level of anterior margin of ovary. 
Gravid proglottids not observed. 
Taxonomic summary 
Type and only known host: Mobula kuhlii (Muller & Henle, 1841), the 
shortfin devil ray (Rajiformes: Myliobatidae). 
Type locality: South China Sea off Sematan (01°48' lS.4S"N, 
109°46'47.l7"E), Sarawak, Malaysian Borneo. 
Additional locality: Celebes Sea off Tawau (04°14'24.2S"N, 
11 rS3'00"E), Sabah, Malaysian Borneo. 
Site of infection: Spiral intestine. 
Specimens deposited: Holotype: MZUM(P) No. 20l2.l3(H). Paratypes: 
USNPC No. 105266; MZUM(P) Nos. 20l2.l4-20l2.l5(P); IPMB 
77.31.01-77.31.02; LRP Nos. 7771-7796 (including longitudinal sections, 
cross sections, and SEM specimens), ROMIZ CS70. Vouchers: LRP 
Nos. 7797-7828. 
Etymology: The specific epithet, pietrafacei is given in honor of Dr. 
William Pietraface, of the State University of New York College at 
Oneonta, for his tireless service and dedication to students. 
REMARKS 
The bothridia of Crassuseptum pietrafacei lack an edge, rim, or 
other distinguishing feature marking the boundary between the 
proximal and distal surfaces. This is unique among rhinebothrii-
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deans, with the other members of the order possessing a distinct, 
thin rim of tissue in this region of the bothridium. All specimens 
of C. pietrafacei examined for this study lacked this feature, 
despite different states of muscular contraction being exhibited by 
the specimens (e.g., Figs. 8, 9). 
The distribution of the testes in C. pietralacei also distinguishes 
this taxon from all other rhinebothriideans, but posed some 
problems for describing the new species. The testes of C. 
pietrafacei are 2~3 layers deep in cross section (Figs. 16, 17) 
throughout the proglottid, and extend anteriorly to the anterior 
margin of the proglottid, and posteriorly past the ovarian isthmus 
to the posterior margin of the ovary. This distribution was seen in 
cross sections of multiple proglottids from multiple specimens. In 
whole mounts, however, it was not possible to see the testes that 
lie between the darkly stained ovarian lobes; nor was it possible to 
count the testes accurately. Thus, the drawing of the whole 
proglottid here (Fig. 2) does not include all of the testes in that 
proglottid, but rather, only a single layer of the testes anterior to 
the ovarian isthmus. 
Crassuseptum pietrafacei was obtained from each of the 2 
Mobula kuhlii rays examined from Borneo. 
DISCUSSION 
Crassuseptum pietrafacei n. sp. is consistent with the ordinal 
diagnosis of Rhinebothriidea presented by Healy et al. (2009). It 
possesses bothridial stalks that are rectangular in shape, i.e., with 
parallel sides, a feature that is unique to members of this order, 
and that is distinct from the more triangular-shaped stalks of 
some tetraphyllidean genera (see Healy et aI., 2009; Cutmore et 
aI., 2010). The new species also resembles other rhinebothriidean 
species in its possession of a cirrus armed with spinitriches and a 
vas deferens that joins the anterior margin of the cirrus sac. The 
latter characteristic is unique to the Rhinebothriidea (see Healy, 
2006). Verification of the ordinal placement and phylogenetic 
affinities of C. pietrafacei awaits collection of specimens from 
which molecular data may be obtained for this taxon and 
phylogenetic analyses drawing on the growing sequence database 
of rhinebothriidean and tetraphyllidean taxa. 
The testis distribution in C. pietra(acei is noteworthy, in that it 
is similar to that seen in particular tetraphyllidean genera and 
unlike the testis distribution typical of rhinebothriideans. It 
possesses postporal testes and postvaginal testes, which extend 
between the dorsal and ventral lobes of the ovary, past the 
ovarian isthmus, to the posterior margin of the ovary. Although 
postporal and postvaginal testes are uncommon among rhinebo-
thriideans, none possess testes extending posterior to the ovarian 
isthmus. This character is, however, known from some tetra-
phyllidean taxa. In species of the onchobothriid, Acanthobo-
thrium, this character is limited to just 8 of the more than 160 
species in the genus, all from the Indo-Pacific (Fyler and Caira, 
2010). In the phyllobothriid Caulobothrium, this character is 
found in 7 of the 8 species in the genus, and in the serendipid 
genera Duplicibothrium and Glyphobothrium, this character is 
found in all species (4 in total). 
There are phylogenetic data to support the notion that these 
instances of postovarian isthmus testes are homoplasious among 
tetraphyllideans, although no study has explicitly mapped this 
character among tetraphyllideans. A study by Fyler and Caira 
(2010) included 2 of the 8 Acantlwbothrium species that possess 
testes posterior to the ovarian isthmus and resulted in a 
phylogenetic hypothesis for the genus in which those 2 species 
were sister taxa, nested within a clade formed by the other 11 
Acanthobothrium species in the study. Numerous phylogenetic 
studies have shown that Acanthobothrium is more closely related 
to proteocephalideans than other tetraphyllideans (e.g., Caira et 
aI., 2005; Healy et aI., 2009), which indicates that this character 
independently evolved in Acanthobothrium and other tetraphylli-
deans. The molecular phylogenetic study of Healy et al. (2009) 
included Caulobothrium opisthorchis and 2 Duplicibothrium 
species that exhibit this character state, as well as 5 other, 
undescribed Caulobothrium species that do not possess testes 
posterior to the ovarian isthmus. Although the Caulobothrium 
and Duplicibothrium species grouped as monophyletic sister 
genera in analyses of ssrDNA data, in all analyses of these taxa, 
C. opisthorchis grouped with the other Caulobothrium species, 
rather than with the Duplicibothrium species, which, like C. 
opisthorchis, possess testes posterior to the ovarian isthmus (Healy 
et aI., 2009). In analyses based on combined data (ssrDNA and 
partial [DI-D3]lsrDNA), as well as those based on partial (Dl~ 
D3) IsrDNA alone, members of these genera did not form a clade. 
Given the likelihood that this feature is homoplasious among 
tetraphyllideans, it was not considered useful in determining the 
ordinal placement of the new taxon described herein. 
In her dissertation, Healy (2006) presented histological data on 
the septal morphology of representatives of each genus that was 
ultimately assigned to the Rhinebothriidea by Healy et al. (2009), 
as well as tetraphyllidean genera including Caulobothrium, 
Duplicibothrium, and others. Healy (2006) characterized several 
types of septal morphology within the Rhinebothriidea, and 
emphasized that such data have diagnostic utility and are 
potentially useful in systematic analyses. Thus, we have 
characterized the septal musculature of C. pietrafacei here to 
contribute to that database of systematically useful characters 
for the Rhinebothriidea. The septal morphology seen in 
Crassuseptum differs from that seen in all rhinebothriidean and 
tetraphyllidean taxa examined to date; however, a full compar-
ison among the septal morphologies found within the Rhinebo-
thriidea and Tetraphyllidea is beyond the scope of the present 
report. 
Our survey data suggest that C. pietrafacei exhibits oioxenous 
host specificity, parasitizing only a single elasmobranch host 
species, Mobula kuhlii. Examinations conducted by Healy (2006) 
of the rhinebothriideans cestode faunas of at least 15 other batoid 
species from Borneo failed to recover C. pietrafacei or any similar 
taxa, in these sympatric batoid species. Mobula kuhlii inhabits 
waters from eastern Africa to Indonesia and the Philippines 
(Froese and Pauly, 2011). Future studies of parasites of M. kuhlii 
from elsewhere in its range are required to determine the full 
geographic distribution of C. pietrafacei. Unlike dasyatids, which 
commonly host rhinebothriideans, mobulids, or the devilrays, are 
a batoid family with relatively few known species of rhinebo-
thriidean cestodes (Healy, 2006). The only prior record is 
Rhabdotobothrium anterophallum Campbell, 1975 parasitizing 
M. hypostoma in the western North Atlantic (Campbell, 1975) 
and Gulf of Mexico (Jensen and Bullard, 2010). Three Mobula 
species, M. japanica, M. munkiana, and M. thurstoni, examined by 
Healy (2006) from the Gulf of California, were found to lack 
rhinebothriideans entirely. Given these data, it is likely that 
examination of cestodes from the remaining 4 species of Mobula 
worldwide will reveal a depauperate, but potentially morpholog-
ically unusual, rhinebothriidean fauna. 
Our discovery of a new genus and species of rhinebothriidean 
resulted from a relatively small sample size; only 2 M. kuhlii were 
examined. This result, in combination with the pattern of high 
elasmobranch cestode generic and species diversity already reported 
for this survey (see citations in Introduction), reflects a predominant 
cestode fauna in elasmobranchs from the waters of Borneo. 
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MOLECULAR SURVEY OF APICOMPLEXA IN PODARCIS WALL LIZARDS DETECTS 
HEPATOZOON, SARCOCYSTIS, AND EIMERIA SPECIES 
D. James Harris, Joao P. M. C. Maia*, and Ana Perera 
CIBIO, Centro de Investigar.;ao em Biodiversidade e Recursos Geneticos, Campus Agrario de Vairao, 4485-661 Vairao, Portugal. e-mail: james@ 
mail. icav. uppt 
ABSTRACT: The occurrence of apicomplexan parasites in Podarcis sp. wall lizards from the Iberian Peninsula and Balearic islands was 
studied by amplification and sequencing of the 18S rRNA gene. Species from 3 genera, Hepatozoon, Sarcocystis, and Eimeria, were 
found. The phylogenetic analysis of the 18S rRNA gene provides unexpected insights into the evolutionary history of these parasites. 
All Hepatozoon spp. specimens were recovered as part of a clade already identified in lizards from North Africa. The Sarcocystis 
species, detected in Podarcis lilfordi from Cabrera Island in the Balearic Islands, appears related to Sarcocystis gallotiae, known only 
from endemic Gallotia sp. lizards from the Canary Islands. Based on the lack of snake predators on this island, this parasite 
presumably presents an atypical transmission cycle that uses the same host species as both intermediate and final host through 
cannibalism, like S. gallotiae. Eimeria sp. is reported for the first time from Podarcis spp. lizards. This study shows the power of 
detecting multiple different apicomplexan parasites through screening of tail tissue samples and blood drops that are often collected in 
reptiles for other purposes. 
The Apicomplexa includes a diverse group of unicellular 
parasites that is possibly the poorest-studied group of all animals 
in terms of biodiversity (Morrison, 2009). Yet, according to the 
European Cooperation in Science and Technology (COST), 
apicomplexan protozoa caused more human deaths than any other 
group of infectious agents and are also the most significant 
parasites of livestock. Although molecular techniques have now 
become established as standard tools for monitoring parasite 
populations (Beck et a!., 2009), this is heavily biased to certain 
groups within Apicomplexa, such as Plasmodium spp., and is also 
directed primarily toward humans or commercially important 
animal groups. However, parasites also have dual interests for 
conservation biologists. On the one hand, parasite-driven declines 
in wildlife are becoming common (Pedersen et a!., 2007), whereas 
on the other hand, parasites themselves are also a major compo-
nent of biodiversity (Poulin and Morand, 2004). Because of their 
obligate relationship with a host, parasites are especially at risk 
through coextinction, where the loss of 1 species leads to the loss of 
another, so that an extinction cascade can occur. Models suggest 
that co extinction may be very common (Dunn, 2009), but lack of 
knowledge hinders assessments. 
Reptiles are hosts to a wide variety of apicomplexan parasites, 
including families with human medical importance such as 
Sarcocystidae (which includes Toxoplasma), Eimeriidae, e.g., Cryp-
tosporidium parvum, and Haemosporidae, e.g., Plasmodium spp. The 
most common and widely distributed apicomplexans found in 
reptiles are species of Hepatozoon (Telford, 2009). Traditionally, 
assessment of gametocyte morphology in the vertebrate host and 
sporogonic stages in the invertebrate host was used for diagnosis and 
species description. This situation is complicated, however, when 
only information from the vertebrate host is available, which is often 
the case. Fortunately, for Hepatozoon species, universal primers are 
available that can amplify part of the 18S rRNA gene. These have 
been used to assess prevalence, estimate phylogenies, and confirm 
distinctiveness in a variety of vertebrate hosts, including mammals 
(Merino et a!., 2009) and reptiles (Harris et a!., 2011; Maia et a!., 
2011). However, although for mammals there is a wide knowledge 
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regarding other apicomplexan groups, much less information is 
available for reptiles. Eimeria species, for example, cause coccidiosis 
and are the most important protozoan pathogens of poultry (Beck 
et a!., 2009). Not surprisingly, there is considerable molecular data 
available for both domestic (Barta et a!., 1997; Miska et a!., 2010) 
and wild (Honma et a!., 2007) birds, but only a single 18S rRNA 
sequence is available from a species that infects reptiles, i.e., Eimeria 
arnyi (Upton and Oppert, 1991). Similarly, Sarcosporidia are prev-
alent around the world, affecting anmiotic vertebrates, including 
humans. Species of Sarcocystis have a diheteroxenous cycle and, for 
most described species, mammals and reptiles are both intermediate 
and final hosts. However, some insular species such as Sarcocystis 
gallotiae or Sarcocystis dugesii that infect lizards endemic to the 
Canary and Madeira Islands, respectively, are atypical, because the 
same lizard species is both intermediate and final host, which occurs 
via cannibalism (Matuschka and Bannert, 1987; Matuschka, 1988). 
Various other species have a snake-lizard life cycle (reviewed in 
Matuschka, 1987). Again, however, despite a wide variety of species 
from mammals and birds having been sequenced for the 18S rRNA 
gene, often to confirm the distinctiveness of new species (Kutkiene 
et a!., 2010; Xiang et a!., 2010; Kutkiene et a!., 2011), only a couple of 
studies have included such data from reptile species (Slapeta et a!., 
2001, 2003). 
The aim of the present study was to screen populations of 
Podarcis spp. wall lizards (Lacertidae) from the Iberian Peninsula 
and the Balearic Islands for apicomplexan parasites with the use 
of 18S rRNA primers. Several Podarcis spp. from the Iberian 
Peninsula have been shown to have high levels of infection with 
hemogregarines with the use of traditional blood smears (Alvarez-
Calvo, 1975; Amo et a!., 2005; Roca and Gald6n, 2010), and 18S 
rRNA primers are known to amplify Hepatozoon spp. from 
lacertids in North Africa, including Podarcis vaucheri (Maia et a!., 
2011). At the same time, these lizards were assessed with the use of 
autotomized tail samples that are typically used in phylogeographic 
studies of the host (Pinho et a!., 2011). Sarcocystis spp. have been 
reported to infect several species of Podarcis, including Podarcis 
lilfordi endemic to the eastern Balearic Islands (Mayo et a!., 1988) 
and classified as endangered on the IUCN red list (Perez-Mellado 
and Martinez-Solano, 2009), among others (see a complete review 
in Odening, 1998). Because sarcocysts are typically observed in 
tail muscle in lizards (Abdel-Ghaffar et a!., 2009), there is also 
a reasonable possibility that these will be detected by molecular 
methods. Additionally, a possible amplification of an apparent 
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TABLE I. Summary of the 44 samples analyzed in this study, including positives for parasites and their geographical locations. Coordinates are in the 
WSG84 format. 
Host species 
Podarcis hispanica Podarcis hispanica Podarcis lilfordi 
Portugal (40.83°, -5.52°) Spain (38.02°, -7.86°) Cabrera (39.15°, 2.93°) Total 
Hepatozoon 0 17* (89.5%) 7 (70%) 24 
Sarcocystis 0 0 8 (80%) 8 
Eimeria I (6.7%) 0 0 I 
Total 15 19 10 
* Two samples were positive with only the HEP primers and therefore were not included in the analyses. 
member of the Eimeriidae was reported with these primers within 
reptiles from the Seychelles (Harris et aI., 2011), and thus the 
possibility exists of detecting these, or even other, apicomplexan 
parasites. In the present study, we use molecular methods to assess 
the existence of different apicomplexan species using 18S rRNA 
primers. Positive samples were sequenced and included in a 
phylogenetic assessment with previously published sequences to 
help determine the evolutionary history and patterns of genetic 
diversity within these parasite species. 
MATERIALS AND METHODS 
Sample collection 
Samples from lizard specimens were collected from 2 localities in the 
Iberian Peninsula (April 2008 in Beja, Portugal, and June 2009 in Alba de 
Tormes, Spain) and from Cabrera Island, Balearic Islands (September 
2010). Tail tips from the lizards were preserved in 96% ethanol for 
molecular analysis and blood drops were placed in Whatman paper. When 
lizards autotomize their tails, very little blood is typically lost and, in most 
cases, there was not enough to make blood slides. After samples were 
collected, the lizards were released at the site of capture. A total of 44 
tissue samples was collected, i.e., 10 from Cabrera (P. U([ordi), and 34 
from the 2 localities on the Iberian Peninsula (Podarcis hispanica) (see 
Table I). 
DNA extraction, amplification, and sequencing 
DNA was extracted from tissue and blood drops with the use of standard 
High Salt methods (Sambrook et aI., 1989). Detection of parasites was made 
with the use of polymerase chain reactions (PCRs) with the primers 
HEMOI and HEM02 (Perkins and Keller, 2001) targeting part of the 18S 
rRNA region, and with the primers HepF300 and HepR900 (Ujvari et aI., 
2004) targeting another partially overlapping part of the 18S rRNA region. 
Conditions of the PCR are detailed in Harris et al. (2011). Briefly, PCR 
cycling for the HEMO primers consisted of94 C-30 sec, 48 C-30 sec, 72 C-
I min (35 cycles), and for the Hep primers annealing temperature was 61 C. 
Negative and positive controls were run with each reaction. The positive 
PCR products were purified and sequenced by a commercial sequencing 
service (Macrogen Inc., Seoul, Korea). All sequences were performed in 
both directions. Sequences were deposited in GenBank under the accession 
numbers JQ762306 to JQ762311. 
Phylogenetic analysis 
Because considerable genetic differences between the parasites were 
detected, and because different parasites were detected with the alternative 
primer pairs (see results), separate phylogenetic analyses were performed 
for each of the parasite groups recovered. For each data set new sequences 
generated in this study were aligned with related sequences retrieved from 
GenBank. All sequences for which the full length was available were 
included in the analyses, except for cases in which many closely related 
sequences are available for some taxa, e.g., Eimeria reichenowi. In these 
cases, single exemplars were arbitrarily used. Sequences were aligned with 
the use of ClustalW software implemented in the program BioEdit (Hall, 
1999). The final 3 data sets contained 47, 21, and 12 taxa that were 798, 
609, and 636 base pairs (bp) in length, respectively. 
Maximum likelihood (ML) analysis with random sequence addition 
(100 replicate heuristic searches) was used to estimate their evolutionary 
relationships with the use of the software PAUP (Swofford, 2002). 
Support for nodes was estimated with the use of the bootstrap technique 
(Felsenstein, 1985) with 1,000 replicates. The model of evolution 
employed, in all cases GTR with an estimate of invariant sites and a 
gamma distribution of site variation, was chosen with the use of the AIC 
criteria carried out in Modeltest 3.06 (Posada and Crandall, 1998). 
Bayesian analysis was implemented with the use of Mr. Bayes v.3.2 
(Huelsenbeck and Ronquist, 2001) with parameters estimated as part of 
the analysis. The analysis was run for I X 107 generations, saving 1 tree 
every 1,000 generations. The log-likelihood values of the sample point 
were plotted against the generation time and all the trees prior to reaching 
stationary were discarded as burn-in samples. Remaining trees were 
combined in a 50% majority consensus tree. Following Maia et al. (2011) 
and Morrison (2009), Adelina bambarooniae was used as an outgroup for 
rooting the phylogenetic tree for the Hepatozoon spp. sequences. As in 
Siapeta et al. (2003), species of Besnoitia and Hylokossia were used to root 
the estimate of relationships of the Sarcocystis spp., whereas, as in Jirku 
et al. (2009), Choleoeimera sp. and Eimeria tropidura were used to root the 
estimate of relationships of the Eimeria spp. data set. 
RESULTS 
Of the 44 individuals analyzed, 24 were found to be infected with 
Hepatozoon sp. parasites, with the use of the HEMO primers. This 
included infections in P. hispanica (0% in Portugal and 89.5% in 
Spain) and P. lilfordi (70% in Cabrera) (Table I). Two individuals 
negative for the HEMO primers were found to be infected with 
Hepatozoon sp. with the use of the HEP primers. Both phylogenetic 
methodologies produced the same estimate of relationships among 
the Hepatozoon sp. sequences of the 18S rRNA gene (Fig. 1). All of 
the Hepatozoon sp. lineages identified in Podarcis spp. from the 
Iberian Peninsula and the Balearics formed part of a group composed 
of I of the major clades in North Africa, detected in various lacertids 
(species of Timon, Podarcis, and Scelareis) and skinks (species of 
Eumeces and Chalcides), and a clade of mammalian Hepatozoon sp. 
isolates (Fig. 1). 
Within P. lilfordi, several individuals (80%) were found to be 
infected with Sarcocystis sp. with the use of the HEP primers, 
although no infection was reported in the other 2 localities analyzed 
(Table I). Some of these (5) were also infected with Hepatozoon sp. 
parasites, but there was no obvious double amplification; i.e., with 
the HEMO primers only Hepatozoon sp. were amplified, and with 
the HEP only Sarcocystis sp. were amplified. The sequences 
amplified group with the ones available in GenBank for other 
lacertid species (Fig. 2). Interestingly, the Sarcocystis sp. from P. 
lilfordi was most closely related to S. gallotiae from Gallotia sp. 
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,----------- A. bambarooniae 
.-- H. sp - ex. Bandicota indica 
89 L, H. sp - ex. Abrotrix o/iV8ceus 
92 r- H. sp - ex. Abrotrix sanbomi 
98 M.-I H. sp - ex. Clethrionomys glareo/us 
H. ayorgbor - ex. Python regius 
PTY01PoAL- H. sp - ex. Ptyodacfy/us oudrii 
3126TmMO - H. sp - ex. Tarentola mauritanica 
PTY34PoMO - H. sp - ex. Ptyodacty/us oudrii 
Q39QmMO - H. sp - ex. Quedenfeldtia moerens 
- H. boigae - ex. Boiga fusca 
~~o~ ~~~~t:~~ I H. sp - ex. Lycognathophis seychellensis 
87 59PLLsSE 
87 1SPMwSE - H. sp - ex. Mabuya wrightii 
DB486TmAL I . . DB487TmAL H. sp - ex. Tarentola mauntamca 
DB1606QmMO - H. sp - ex. Quedenfeldtia moerens 
- LPA 1 TtMO - H. sp - ex. Timon tangifanus 
100 H. sp - ex. Sciurus vulgaris 
~, H. sp - ex. Martes maries 100 H. americanum - ex. Dusycion thous 63 H. canis - ex. Vu/pes vulpes 83 H. canis - ex. Dusycion thous 
10 I H. felis - ex. Felis catus 
165PVMOI .. 168PvMO H. sp - ex. Podarels vauchen 
317 AmMO - H. sp - ex. Atlanto/acerta andreanskyi 
LPA25TtMO - H. sp - ex. Timon tangitanus 
Pb7413PvMO - H. sp - ex. Podareis vaucheri 
DB10519PICA - H. sp - ex. Podarcis lilfordi 
5220PhSP - H. sp - ex. Podarcis hispanica 
167PvMO - H. sp - ex. Podareis vaueheri 
127EaMO I H E I" 129EaMO . sp - ex. umeces a genensls 
83 ~PA4TtMO I 
95 LPA28TtMO H. sp - ex. Timon tangitanus 
100 LPA31TtMO 
E16119CpMO - H. sp - ex. Cha/eides po/yfepis 
~o 133SpMO - H. sp - ex. See/areis perspicillata 164PvMO I .. Pb7421PvMO H. sp - ex. Podarels vauehan 
..J 5202PhSP I .. . 82L 5221PhSP H. sp - ex. Podarcls hlspamca 
- 0.001 subsfsite 
Rodent, lizard 
and snake hosts 
Rodent and 
carnivore hosts 
Lizard hosts 
I H. sp - ex. Dromieiops gliroides Marsupial hosts 
L.!... ____________ ~~_ H. eatesbianae - ex. Rana eatasbeiana 
FIGURE 1. Tree derived from a maximum-likelihood (ML) analysis of 
the Hepatozoon sp. sequences. New haplotypes from this study are in bold. 
For all other codes refer to Maia et al. (2011). 
lizards, rather than Sarcocystis lacertae, which infects Podarcis 
muralis (Fig. 2). 
Also using the HEP primers, a single individual of P. hispanica 
from Portugal was found to be infected with Eimeria sp. (Table I). 
Although there is limited available comparative data for Eimeria 
spp. from reptiles, the sequence was determined to be most closely 
related to E. arnyi from a snake, and then to Eimeria ranae from a 
frog (Fig. 3). To our knowledge, this is the first report of Eimeria 
sp. infection in Podarcis sp. lizards. 
Thus, in this study HEP primers amplified Hepatozoon, 
Sarcocystis, and Eimeria species, although HEMO primers only 
amplified Hepatozoon sp. In dual-infected P. lilfordi, HEP primers 
preferentially amplified Sarcocystis sp., whereas HEMO amplified 
Hepatozoon sp. 
DISCUSSION 
For the first time, Hepatozoon sp. from Podarcis spp. from the 
Iberian Peninsula and the Balearic Islands can be placed in a 
phylogenetic framework. Despite the shorter sequences used in 
this study (about 800 bp), the overall estimate of phylogeny is 
essentially the same as that found by Maia et ai. (20 II), using about 
1,400 base pairs, although with lower levels of statistical support. 
All the newly sequenced parasites form part of a group that 
includes a variety of lacertids and skinks from North Africa (Maia 
et aI., 2011). The 4 Hepatozoon spp. haplotypes recovered in this 
study do not form a clade, but are instead related to various 
haplotypes from North Africa and to mammalian isolates. 
Although this increases the known geographic distribution of this 
group, and the number of known host species, the inclusion of new 
100 
99 
Hyaloklossia lieberkuehni - AF298623 
Besnoitia besnoiti - FJ797432 
72 
s. sp - DB10319PICA 
S. gal/otiae -AY015112 
S. lacertae -AY015113 
100 
94 
100 63 
83 
S. capracanis - L76472 
S. graCilis - FJ196261 
S. tarandi - EF056017 
S. rangiferi - GQ251026 
S. sinensis - AF176930 
S. hominis - AF176945 
'----- S. scandinavica - EU282026 
'---- S. atheridis - AF120114 
S. mucosa - AF1 09679 
S. dispersa -AF120115 
S. neurona - U07812 
S. rodentifelis -AY015111 
S. columbae - GU253883 
S. microti - AF009244 
S. glareoli - AF009245 - 0.01 substitutions/site 
FIGURE 2. Tree derived from a maximum-likelihood (ML) analysis of 
the Sarcocystis sp. sequences. Bootstrap values for ML are given above 
relevant nodes, and Bayesian posterior probability below them. New 
haplotypes from this study are in bold. 
data has little influence on the overall phylogeny of Hepatozoon 
spp. This lineage, previously known only from reptiles, appears to 
be related to a lineage that includes Hepatozoon canis, Hepatozoon 
americanum, and Hepatozoon felis, which usually use carnivores, 
including cats and dogs, as their intermediate hosts. The present 
study also confirms that closely related Hepatozoon spp. haplotypes 
can be found in unrelated hosts, i.e., in this case, species of 
Chaleides, Eumeces, Atlantolacerta, Scelareis, and Timon, and at 
least 3 Podarcis species. Clearly, there is a difference in specificity 
between the pairs of primers used, with Hep primers amplifying 
samples that failed to amplify with the partially overlapping 
HEMO primers. The Hep primers are less specific, also amplifying 
other apicomplexans. It is, therefore, inappropriate to compare 
prevalence directly across studies using these different markers. 
Mayo et ai. (1988) first reported S. dugesii from P. lilfordi on 
Cabrera Island. Until then, S. dugesii had been only known from 
the Madeiran endemic lacertid Teira dugesii (Matuschka and 
Mehlhorn, 1984), and later reviews report only a form "similar to 
S. dugesii" in P. lilfordi (Odening, 1998). Given that Sarcocystis 
spp. show some signs of coevolution with their snake hosts (Slapeta 
et aI., 2003), it could be expected that the form in P. lilfordi would 
be more similar to S. lacertae, known from Podareis muralis. 
However, in our estimate of relationships, Sarcocystis spp. from P. 
lilfordi are clearly more closely related to S. gallotiae from Gallotia 
spp. lizards endemic to the Canary Islands. Sarcocystis gallotiae 
and S. dugesii are notable because they use the same lizards as both 
intermediate and final host, a life cycle described as dihomoxenous 
(Matuschka, 1988), whereas Sarcocystis lacertae has a more typical 
E. tropidura - AF324217 
Choleoeimeria sp. - AY043207 
f[E ..•. ~~~ 1 
100 ~: E. amyi-AY613853 
96 
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.. 
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'6 
0 
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.. 
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.., 
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~ C E ......... ·m,,,,, .!! J!l .., VI U ~ 0 u 
.<: 0 u 
100 .!! :2 
93 Cyclospora colobi - AF111186 E "t: 
., .. 
tj E iii 
E. te/ekii - AF246717 
.., 
c: 
w 
E. gruis - AB243082 
100 
- 0.01 substitutions/site 
99 I E. reichenowi - AB243084 
FIGURE 3. Tree derived from a maximum-likelihood (ML) analysis of 
the Eimeria sequences. Bootstrap values for ML are given above relevant 
nodes, and Bayesian posterior probability below them. New haplotypes 
from this study are in bold. 
snake (Coronella austriaca) -lizard (P. muralis) life cycle (Volf et aI., 
1999). Given that there are no snake or mammalian predators on 
Cabrera Island, the Sarcocystis sp. found in P. lilfordi are similarly 
likely to use the lizard as both intermediate and final host. Indeed, 
cannibalism is in general more common in island lizards where 
resources are limited (Pafilis et aI., 2009). Although these are the 
only species known to have always the same intermediate and final 
host, 2 other species, Sarcocystis rodentifelis and Sarcocystis muris, 
can occasionally exhibit transmission from an intermediate host to 
a paratenic host through cannibalism (Slapeta et aI., 2001). In a 
concatenated analysis of large and small subunit rRNA genes, 
Slapeta et aI. (2003) found these 2 species to be sister taxa, and 
related to a lineage of S. lacertae and S. gallotiae, although in our 
analysis the phylogenetic position of S. rodentifelis is not well 
supported. The finding of another dihomoxenous form related 
to S. gallotiae raises important evolutionary questions. First, it 
implies that dihomoxeny may have arisen just once as a facultative 
strategy that became fixed in island host species that had no 
alternative predator to fill the niche of final host. This would mean 
that a reversal to a diheteroxenous life cycle occurred in S. lacertae. 
Alternatively, dihomoxeny could have arisen twice, once in the 
lineage leading to S. muris and S. rodentifelis, and again in the 
lineage leading to S. gallotiae and the form found in P. lilfordi. 
Second, the relationship of a parasite lineage found in 2 
geographically separated island endemic hosts implies that the 
lineage is probably old. Gallotia spp. separated from other ancestral 
lacertids when they colonized the Canary Islands perhaps 17-20 
MYA (Cox et aI., 2010). Similarly, P. lilfordi has been separated 
since the time of the Messinian Salinity Crisis, approximately 5.3 
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MY A (Brown et aI., 2008). To address both these questions relating 
to the origins of dihomoxeny and its age fully, other closely related 
(and possibly conspecific) Sarcocystis species need to be included in 
the phylogenetic framework, in particular S. dugesii from T. dugesii 
in Madeira and Sarcocystis podarcicolubris, another Sarcocystis 
species known from Podarcis spp. that has a diheteroxenous life 
cycle (Matuschka, 1985). 
A single specimen of P. hispanica from Portugal was shown to 
be infected with Eimeria sp. with the use of the HEP primers. This 
is again relevant for various reasons. First, it is, to our knowledge, 
the first report of Eimeria sp. from Podarcis sp. There is an old 
record of Eimeria sp. in another lizard that occurs in the Iberian 
Peninsula, Zootoca vivipara (formerly Lacerta vivipara) from 1935 
(Yakimoff and Gousseff, 1935). Additionally, there are a few 
reports of Eimeria sp. in lacertids from North Africa (Acantho-
dactylus sp.; Sakran et aI., 1994; Al Yousif et aI., 1997), Asia 
(Eremias sp. and Takydromus sp. [Davronov, 1985; Telford, 
1992, respectively]), and from the Canary Islands (Gallotia sp. 
[Matuschka and Bannert, 1987]). Second, there were previously 
almost no molecular data regarding Eimeria sp. from amphibians 
and reptiles, with only a couple of sequences previously published 
(Slapeta et aI., 2001, 2003). 
The estimate of relationships presented here (Fig. 3) indicates 
that the species of Eimeria from Podarcis spp. is most closely 
related to E. arnyi, the only other analyzed specimen from a reptile 
host. In our analysis, Eimeria spp. from poikilothermic hosts form 
a monophyletic group, whereas those from endothermic hosts are 
paraphyletic, because the clade that includes Eimeria gruis and E. 
reichenowi, both from cranes, is basal to all ingroup taxa, although 
these relationships are only weakly supported. This differs from the 
estimate of relationship of lirku et aI. (2009), who found that the 
Eimeria spp. from endothermic hosts formed a monophyletic 
group. lirku et aI. (2009) unfortunately did not include any 
members ofthe E. gruis! E. reichenowi clade. Although Honma et aI. 
(2007) also found the clade of E. gruis and E. reichenowi as sister 
taxa to the remaining eimeriid coccidian with Stieda bodies, in this 
assessment no Eimeria sp. from poikilothermic hosts was included. 
Clearly, additional data regarding all available taxa will be needed 
to resolve this aspect of eimeriid relationships. Finally, this is also 
an atypical example of Eimeria sp. detection, i.e., fecal material is 
almost always used to amplify and sequence the DNA of these 
parasites (Motriuk-Smith et aI., 2009; Power et aI., 2009). Because 
they autotomize naturally and typically regenerate, tail samples are 
widely available in museum collections and stored in ethanol for 
genetic analyses of the lizards. The present study shows that not 
only Hepatozoon and Sarcocystis species, but also Eimeria spp., can 
be detected from these tissues. In the present study, both blood and 
tissue samples could be used to detect parasites. However, it is not 
yet clear if 1 source of DNA will allow more accurate detection 
of parasites at low levels of parasitemia. This is something that 
warrants further investigation. 
Although molecular techniques are now standard tools for 
monitoring parasite populations in humans and domestic animals, 
their use in wild animal populations has until recently been 
limited. However, determining parasite distribution is crucial for 
conservation biologists, especially in species whose existences 
are undergoing challenge. The survey performed on Podarcis spp. 
indicates that various apicomplexan parasites can be detected with 
the use of tail tissue samples that are often collected for other 
purposes. At the same time, by sequencing the 18S rRNA gene, new 
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insights into the evolutionary history of the parasites can be 
obtained. Depending on the primers used, different apicomplexans 
will be detected, i.e., the cases of dual infection with species of 
Hepatozoon and Sarcocystis in P. lilfordi clearly highlight this 
point. There is a need, therefore, for further assessments of possible 
parasites using additional molecular markers so that a clearer 
picture of the spectrum of parasites infecting these species can be 
obtained. 
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DETECTION AND IDENTIFICATION OF THEILERIA INFECTION IN SIKA DEER (CERVUS 
NIPPON) IN CHINA 
Lan He, Muhanmad Kasib Khan, Wen-Jie Zhang, Qing-Li Zhang, Yan-Qin Zhou*, Min Hu, and Junlong Zhaot 
State Key Laboratory of Agricultural Microbiology, Huazhong Agricultural University, Hubei Wuhan 430070, China. e-mail: zhaojunlong@mail.hzau. 
edu.cn 
ABSTRACT: The sika deer (Cervus nippon) is a first-grade state-protected animal in China and designated a threatened species by the 
World Conservation Union. To detect hemoparasite infection of sika deer, blood samples were collected from 24 animals in the Hubei 
Province Deer Center. Genomic DNA was extracted, and the V4 hypervariable region encoding 18S rRNA was analyzed by reverse 
line blot hybridization assay. PCR products hybridized with Babesia/Theileria genus-specific probes but failed to hybridize with any of 
the Babesia or Theileria species-specific probes, suggesting the presence of a novel, or variant, species. Here 18S rRNA and internal 
transcribed spacer (ITS) genes were amplified, cloned, and sequenced from 7 isolates. Alignment and BlastN of the cloned sequences 
revealed high similarities to the homologous 18S rRNA genes and ITS genes of Theileria cervi (AY735122), Theileria sp. CNYIA 
(ABOI2194), and Theileria sp. ex Yamaguchi (AF529272), Phylogenetic analysis based on the 18S rRNA gene and ITS sequences 
showed that all cloned sequences were grouped within the Theileria clade. Phylogeny based on the 18S rRNA gene divided the 
organisms into 2 groups, Group I was closest to Theileria sp. ex Yamaguchi (AF529272), and group 2 was distinct from all other 
identified Theileria and Babesia species. These results suggest the existence of Theileria sp. infection in sika deer in China. To our 
knowledge, this is the first report of cervine Theileria sp. in China. 
The sika deer (Cervus nippon) is a first-grade state protected 
animal in China, where the total number is estimated to be 
approximately 100,000 (Li, 2005). There were 6 subspecies of sika 
deer in China: C. n. grassianus, C. n. mandarinus, C. n. taiouanus, 
C. n. sichuanicus, C. n. kopschi, and C. n. hortulorum. The first 3 
wild subspecies are now extinct. Cervus n. hortulorum is the most 
numerous subspecies and is raised in many provinces in China (Lu 
et aI., 2006). The Hubei Province Deer Center is the largest deer 
cultivating and breeding center in China, with about 1,400 
animals. Outbreaks of ticks occur among the deer from March to 
July each year, causing anemia, emaciation, and even death. 
These ticks transmit pathogens, including species of Theileria and 
Babesia, leading to economic losses in sika deer populations. An 
understanding of the pathogenic mechanism of parasite infections 
in sika deer is, therefore, needed to develop strategies for 
prevention and treatment. 
Theileriosis is a hemoparasitic disease that affects ruminants, 
predominantly cattle and sheep, in tropical and subtropical regions 
of the world. It is associated with a high degree of morbidity and 
mortality, particularly in exotic animals, resulting in major 
economic losses (Uilenberg, 1995). The causative agents of this 
disease are transmitted by ixodid ticks and have complex life cycles 
in both vertebrate and invertebrate hosts (lca et aI., 2007). Clinical 
signs of theileriosis range from severe, to mild, or subclinical, 
problems, but sometimes include death of animals depending on 
the infecting organisms and host specificity (Barnett, 1977). 
At present, information regarding cervine Theileria sp. is 
limited. Theileria cervi is a non-pathogenic species in wild 
ruminants, including white-tailed deer, elk, and mule deer, and 
is transmitted by Amblyomma americanum in North America 
(Schaeffler, 1961; Kreier et aI., 1962; Kuttler et aI., 1967; Hazen-
Karr et aI., 1987). In Japan, 2 Theileria species have been reported 
in sika deer; one is referred to as Theileria damae and the other as 
Theileria sp., although there are no detailed descriptions of the 
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morphology or clinical signs of these 2 parasites (Takahashi et aI., 
1992); the latter authors described the morphology and clinical 
signs of a cervine Theileria sp. and a cervine Babesia sp. identified 
from wild sika deer (Cervus nippon yesoensis) in Hokkaido. They 
assumed that the Theileria sp. of C. n. yesoensis was the same 
species as T. damae identified as C. nippon (Takahashi et aI., 
1992). However, this hypothesis has not been confirmed. It was 
not until 2004 that molecular characterizations and phylogenetic 
classifications based on 18S rRNA of Theileria sp. from sika deer 
in Japan were reported (Inokuma et aI., 2004). 
The 18S rRNA gene has been used as a taxonomic marker to 
deduce phylogenetic relationships with isolates that have already 
been sequenced (Inokuma et aI., 2004). However, because the 18S 
rRNA gene is highly conserved, it may not always be reliable in 
distinguishing genetically or closely related species (Aktas et aI., 
2007). Compared with the 18S rRNA gene, internal transcribed 
spacer (ITS) sequences are more useful for evolutionary and 
taxonomic studies of apicomplexan parasites, in which greater 
genetic divergence has been demonstrated. Variation in ITS 
regions has also been reported within species, i.e., Theileria parva 
and Theileria spp. from ruminants (Chae et aI., 1998; Collins and 
Allsopp, 1999). Therefore, ITS sequences should be helpful in 
clarifying species and subspecies of Theileria in phylogenetic 
studies of closely related species. 
Before the present study, no information was available on 
theileriosis in sika deer (Cervus nippon) in China. However, a 
novel Theileria species from sika deer in south China has been 
identified and classified by phylogenetic analysis based on the 18S 
rRNA gene and ITS sequences. 
MATERIALS AND METHODS 
Sika deer samples 
Twenty-four blood samples were obtained from sika deer (c. nippon) at 
the Deer Center of Hubei Province, China, in May 2008. The samples were 
stored in BD Vacutainer™ tubes containing EDTA and sent to the 
laboratory in a refrigerated chamber kept at 4 C. 
Light microscopy examination 
Thin blood smears were prepared and the slides were stained with 
Giemsa. Stained smears were examined for the presence of hemoparasites 
using a Nikon microscope with a X 100 oil immersion objective. 
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DNA extraction 
Genomic DNA was extracted from 200 III of whole blood from each of 
the 24 samples using a TIAamp Genomic DNA Kit (Tiangen Biotech, 
Beijing, China), following the manufacturer's instructions. DNA tem-
plates were eluted in 100 III elution buffer and stored at -20 C until 
analysis. 
Reverse line blot hybridization 
Genus-specific primers RLB-F2 (5'-GAC ACA GGG AGG TAG TGA 
CAA G-3') and RLB-R2 (5' -biotin-CTA AGA ATT TCA CCT CTGACA 
GT-3') (Takara Bio, Inc., Dalian, China), were used to amplify a fragment 
of 460-540 bp nucleotides spanning the V4 variable region ofthe 18S rRNA 
gene of Theileria and Babesia species (Gubbels et aI., 1999). The conditions 
of the touchdown PCR included an initial heated step at 42 C for 3 min to 
activate the uracil DNA glycosylase, followed by heating for 10 min at 94 C 
and 10 cycles at 94 C for 20 sec, 67 C for 30 sec, and 72 C for 30 sec, with a 
decrease of the annealing temperature by 2 C after every second cycle. The 
reaction was followed by 40 cycles of denaturation at 94 C for 30 sec, 
annealing at 57 C for 30 sec, and extension at 72 C for 30 sec. 
The PCR products were subjected to reverse line blot (RLB) 
hybridization as described by Gubbels et al. (1999). The genus- and 
species-specific oligonucleotide probes (Takara Bio) and their sequences 
used for detecting pathogen DNA in this study are shown in Table I. 
Molecular characterization 
Cloning and sequencing of i8S rRNA gene: The 18S rRNA genes were 
amplified using 2 primers, NBab-IF (Oosthuizen et aI., 2008) and 18S Rev-
TB (Matjila et aI., 2008), to obtain a fragment of approximately 1600 bp. 
Reactions were performed in a final volume of 25 Ill, with 0.2 11M of each 
primer and 2.5 III of amplified genomic DNA with 1.0 unit Taq polymerase 
(Takara Bio). The cycling conditions were an initial denaturation at 95 C for 
3 min, followed by 35 cycles of94 C for 30 sec, 58 C for 30 sec, and 72 C for 
2 min, with a final extension at 72 C for 10 min. 
After being purified using a Universal DNA Purification Kit (Tiangen 
Biotech), the amplicons were cloned into the pMDI9-T vector (Takara Bio), 
according to the manufacturer's instructions. Recombinant plasmids of 2 
positive clones for each sample were purified and sequenced using the Dye 
Tenninator Cycle Sequencing Ready Reaction Kit and ABI PRISM 377 DNA 
Sequencer with v2.1.1 software according to the manufacturer's instructions. 
The primers NBab-IF, RLB-F2, RLB-R2, and 18S Rev-BTwere used for 18S 
rRNA sequencing (Table II). Sequences were assembled and edited using 
Pregap4 and Gap4 from the Staden package (Staden, 1996). The cloned 18S 
rRNA genes were compared with related cervine Theileria species in the 
National Center for Biotechnology Infonnation (NCBI) database. 
Amplification and sequencing of ribosomal DNA ITS: The rDNA 
spanning the ITS-5.8S rRNA gene-ITS2 region was amplified from gDNA 
positive for the Theileria sp. 18S rRNA gene using primers 1055F (5'-
GGT GGT GCA TGG CCG-3') and LSUR 300 (5'-T[A/T]G CGC TTC 
AAT CCC-3'), and nested PCR was performed with forward primer ITSF 
(5'-GAG AAG TCG TAA CAA GGT TTC CG-3') and reverse primer 
LSUR50 (5'-GCT TCA CTC GCC GTT ACT AGG-3') (Holman et aI., 
2003) (Table II). The nested PCR products were evaluated, cloned, and 
analyzed as described for 18S rRNA gene cloning and sequencing. 
Phylogenetic analysis: The obtained 18S rRNA gene and ITS sequences 
were compared with the NCBI BLAST database. Phylogenetic trees were 
developed based on the cloned sequences and the 18S rRNA and ITS 
sequences of related piroplasms in GenBank. The 18S rRNA gene of 
Plasmodium falciparum (M19172) and ITS sequences of Cytauxzoon feUs 
(DQ458797) were used as out-groups for the 18S rRNA gene and ITS 
phylogenetic trees, respectively. Multiple sequences were aligned using 
MAFFT 6 employing the FFT-NS-i algorithm (Katoh et aI., 2002, 2005). 
The alignment was manually edited using BioEdit 7.0.9.0 (Hall, 1999). The 
best-fit model of nucleotide substitution was determined usingjModelTest 
OJJ (Guindon and Gascuel, 2003; Posada, 2008) selected by AIC 
calculations. A general time-reversible model with a proportion of 
invariable sites and a gamma-shaped distribution of rates across sites 
(GTR+G) substitution mode was used for the 18S rRNA gene, and 
(TVM+I+G) for the ITS sequences, in PAUP* v4blO (Swofford, 2002) to 
explore neighbor-joining, maximum parsimony, and maximum likelihood 
methods. MrBayes v3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist 
and Huelsenbeck, 2003) was used to explore Bayesian phylogeny. 
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TABLE I. Organisms and the corresponding probe sequences used 
for RLB.* 
Probe Sequence (5'-3') 
Theileria/Babesia catch-all TAA TGG TTA ATA GGA RCR GTT G 
T catch-all ATT AGA GTG CTC AAA GCA GGC 
T orientalis I 
T orientalis 2 
T sp. 1 (China) 
T sp. 2 (China) 
T lestoquardi 
T separata 
T ovis 
T sp. (kudu) 
T sp. (sable) 
T taurotragi 
T bicornis 
T annae 
T sinensis 
T annulata 
T buffeli 
T sp. buffalo 
T mutans 
T parva 
T velifera 
GGC TTA TTT CGG ATG ATA CTT GT 
GGC TTA TTT CGG ATG ATA CTT GT 
GGC TTA TTT CGG ATG ATA C 
GCT TGC ATT TTC CGA GTG T 
CTT GTG TCC CTC CGG G 
GGT CGT GGT TTT CCT CGT 
TTG CTT TTG CTC CTT TAC GAG 
CTG CAT TGT TTC TTT CCT TTG 
GCT GCA TTG CCT TTT CTC C 
TCT TGG CAC GTG GCT TTT 
GCG TTG TGG CTT TTT TCT G 
CCG AAC GTA ATT TTA TTG ATT TG 
TCG CAT CTC TTG CTG AGT GC 
CCT CTG GGG TCT GTG CA 
GGC TT A TTT CGG WTT GAT TTT 
CAG ACG GAG TTT ACT TTG T 
CTT GCG TCT CCG AAT GTT 
GGA CGG AGT TCG CTT TG 
CCT ATT CTC CTT TAC GAG T 
* Symbols used to indicate degenerate positions: R = AfG; W = AfT; Y = CIT. 
Consensus trees of both the 18S rRNA gene and the ITS sequences were 
edited in MEGA v4.0.2 (Tamura et aI., 2007; Kumar et aI., 2008). 
Nucleotide sequence accession numbers 
The 18S rRNA and ITS genes of7 positive samples, 239, 370, 372, 393,413, 
Wu11, and MAO were sequenced and submitted to GenBank. The accession 
numbers of 18S rRNA gene for these 7 samples were HQ184406, HQI84407, 
HQI84408, HQI84409, HQ18441O, HQ18441I, and HQI84412, respectively. 
For the ITS gene, numbers were HQ184413, HQ184414, HQ184415, 
HQ184416, HQ184417, HQI84418, and HQ184419, respectively. 
RESULTS 
Morphological features 
Blood samples from 24 sika deer were examined using light 
microscopy of stained smears. Theileria sp.-like organisms were 
observed in the red blood cells in 6 samples from Wull, MAO, 
370, 372, 393, and 413. Various typical intra-erythrocytic shapes 
were observed. The parasitemia of 2 cervine samples Wull and 
MAO were as high as 10% and 8%, respectively. The other 4 
positive samples were approximately 1-3%. 
RLB hybridization 
DNA from 24 sika deer blood samples was subjected to RLB. 
The results indicate that none of the peR products hybridized 
with any of the Babesia or Theileria species-specific probes present 
on the blot. Seven of them hybridized with Babesia/Theileria 
genus-specific probe; the other 17 samples were negative. 
18S rRNA and ITS sequences 
All 7 obtained 18S rRNA and 7 obtained ITS sequences were 
assembled and edited using Staden v4.0 (Staden, 1996). BlastN 
indicated that all of the cloned 18S rRNA sequences had a very high 
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TABLE II. Oligonucleotide primers used for sequencing. 
Size 
Primer (bp) Sequence (5'-3') 
NBab-IF 29 AAG CCA TGC ATG TCT AAG TAT AAG CIT TI 
RLB-F2 22 GAC ACA GGG AGG TAG TGA CAA G 
RLB-R2 23 CTA AGA ATI TCA CCT CTG ACA GT 
18SRev-BT 22 GAA TAA TIC ACC GGA TCA CTC G 
1055F 15 GGT GGT GCA TGG CCG 
LSUR 300 15 T(Aff)G CGC TTC AAT CCC 
ITSF 23 GAG AAG TCG TAA CAA GGT TTC CG 
LSUR50 21 GCT TCA CTC GCC GTT ACT AGG 
identity with related cervine Theileria species in the NCBI database. 
All of the cloned sequences had at least 96% identity with Theileria sp. 
CNYIA (AB012194), which is found in C n. yesoensis and Capriconis 
cripus in Japan, as well as Theileria sp. ex Yamaguchi Sika Deer 
(AF529272) (Inokuma et al" 2004) and T. cervi (A Y735122). 
Alignment analysis indicated that the cloned 18S rRNA sequences 
could be classified into 2 groups. Group 1 contained 4 cloned isolates 
(239,370,413, and Wull [accession numbers HQI84406, HQI84407, 
HQI8441O, and HQI84411, respectively]) and was closest to the 
published Theileria sp. CNYIA (ABOI2194). The sequences of 239, 
370,413, and Wull had only 16 nucleotide differences. In contrast, 
there was less sequence variation among group 2, which contained 
372, 393, and MAO (accession numbers HQI84408, HQI84409, and 
HQI84406, respectively). These were almost identical to each other 
except for 1 transversion on alignment position 970 and 1 transition at 
position 1587 of the MAO 18S rRNA sequence. 
In summary, the 18S rRNA genes and ITS sequences of 7 
samples were cloned and sequenced. Alignment and BlastN 
indicated more variation among the ITS sequences than among 
the 18S rRNA genes. In particular, the 370 (HQ184414) and 413 
(HQI84417) ITS sequences showed low similarity with those of 
other species (Fig. 1). 
Phylogenetic analysis based on the 18S rRNA and 
ITS sequences 
All of the obtained 18S rRNA sequences and the ITS sequences 
of related sequences from GenBank were subjected to phyloge-
netic analysis. The maximum parsimony, neighbor-joining and 
maximum-likelihood methods, and Bayesian inference were used 
in the inspection. All yielded trees with almost identical topologies 
and nodal support values for both 18S rRNA and ITS. As shown 
in Figure 2, all of the cloned 18S rRNA genes fell into the 
Theileria clade. Group 1 was closest to Theileria sp, CNYIA 
(AB012194) and Theileria sp. ex Yamaguchi Sika Deer 
(A Y529272) with a high bootstrap value, whereas group 2 was 
distinct from all Theileria species in the tree. 
The maximum parsimony tree for the ITS sequences is shown 
in Figure 3. In comparison with the 18S rRNA tree, the cloned 
ITS sequences did not divide into 2 groups, but clustered together 
with high bootstrap values. This may due to the fact that fewer 
piroplasm ITS sequences are available in GenBank. 
DISCUSSION 
China has a large population of sika deer. The Hubei Province 
Deer Center, which was established in 1963, currently has about 
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FIGURE I. MAFFT alignment ofITS sequences from 7 sika deer blood 
samples. The numbers of nucleotides are indicated to the left of the 
sequences. The shaded background indicates conserved regions. 
1,400 C nippon; these were originally transported from the 
northeast of China and are sustained in the wild at the Deer 
Center. The lack of information on the prevalence and geographic 
distribution of cervine Theileria spp. prevented us from deter-
mining if the deer acquired the infection after translocation or 
whether parasites added to an existing infection. In the present 
study, positive signals on RLB were used to sequence the 18S 
rRNA genes. This is the first detailed report of a phylogenetic 
analysis indicating the presence of novel Theileria species infecting 
sika deer in China. 
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FIGURE 2. Rooted 50% majority-rule consensus cladogram of the 18S 
rRNA genes cloned from sika deer in the study and related 18S rRNA 
from piroplasms, calculated by maximum parsimony and bootstrap 
estimates from 1,000 replicates. Plasmodium Jalciparum (M 19172) was 
used as an out-group. 
RLB was first used to diagnose sickle cell anemia and beta-
thalassemia (Saiki et ai., 1988). It was eventually used to detect all 
East African bovine Theileria and Babesia species in a single assay 
(Gubbels et ai., 1999) and subsequently became a powerful 
method for identifying novel hemoparasites (Nijhof et ai., 2003; 
Matjila et ai., 2008; Oosthuizen et ai., 2008). In the present study, 
RLB was employed to identify hemoparasites in sika deer. The 
obtained sequences hybridized with genus-specific probes in 7 
cases, but no hybridization with species-specific probes was 
observed. 
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FIGURE 3. Rooted 50% majority-rule consensus cladogram of ITS 
sequences cloned from sika deer in the study and related ITS sequences 
from piroplasms, calculated by maximum parsimony and bootstrap 
estimates from 1,000 replicates. CytauxzoonJelis (DQ458797) was used as 
an out-group. 
The 18S rRNA gene was used because it is sufficient to resolve 
the phylogenies of piroplasms at the generic level and has been 
widely used to identify novel species (Liu et ai., 2005; Nijhof et ai., 
2005; Oosthuizen et ai., 2008). ITS sequences were employed to 
confirm the results from 18S rRNA, because data analysis based 
on ITS sequences has been deemed valuable in classifying species 
distinctions (Conrad et ai., 2006). 
Blood samples were obtained from the Hubei Province Deer 
Center because the sika deer at the center were losing weight, 
suffering anemia, and, in some cases, dying. Theileria sp.-like 
organisms were observed in the red blood cells of the sika deer 
using light microscope examination of stained smears prepared 
from the blood samples. RLB results suggested the presence of 
novel cervine species of Theileria. Phylogenetic analysis demon-
strated that the organisms infecting the sika deer fell within the 
Theileria sp. clade. The maximum parsimony tree of 18S rRNA 
genes indicated that Theileria sp. group 1 could be placed with the 
low-pathogenicity Theileria sp. CNYIA (ABOI2194) and Theile-
ria sp. ex Yamaguchi (AF529272) strains, which were also present 
in sika deer from Japan (lnokuma et ai., 2004). In contrast, 
Theileria sp. group 2 were in a distinct clade with other piroplasms 
from deer and wildlife, and their sequences were almost identical 
to each other with high bootstrap values (Fig. 2). The clustering 
of the 18S rRNA sequences into 2 groups indicates the 
heterogeneity of the 18S rRNA genes of cervine Theileria sp. in 
China. 
ITS sequence analysis was undertaken to better understand the 
phylogenetic relationships obtained with the 18S rRNA gene. The 
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ITS phylogeny provided strong support for the existence of the 
cervine Theileria sp. isolated in this study. The ITS data also 
complement the molecular data from the much more highly 
conserved 18S rRNA genes, showing the existence of novel 
Theileria sp. infecting sika deer in China. 
The results of ITS phylogenetic analysis differed from those of 
the 18S rRNA phylogeny because none of the 7 organisms was 
close to any existing Theileria species; instead, they grouped in a 
single cluster with high bootstrap support (Fig. 3). In particular, 
239 (HQI84413) and Wull (HQI84418), which belonged to 
Theileria sp. group I in the 18S rRNA phylogenetic tree, were 
closer to 372 (HQI84415), 393 (HQI84416), and MAO 
(HQI84419), which were in group 2 in the 18S rRNA gene tree. 
This may due to the limited number of Theileria spp. ITS 
sequences in GenBank. Alignment of ITS sequences indicated 
that 370 (HQI84414) and 413 (HQI84417) did not fit perfectly 
with the others (Fig. I). Comparative analysis of the obtained 18S 
rRNA gene and ITS sequence alignments revealed that the latter 
were more heterogenous than the I8S rRNA genes. Variability in 
ITS regions was previously reported within species in T. parva 
and Theileria spp. from ruminants (Chae et aI., 1998; Collins 
and Allsopp, 1999). Conrad et ai. (2006) also reported that 
polymorphism among ITS sequences, when 2 different ITS clones 
from a single sample were separated into 2 subclades by ITS2 
phylogeny. The heterogeneity of the ITS sequences may warrant 
further investigation. Characterization of more cervine piroplasm 
isolates would increase our understanding of the relationships of 
the Theileria sp. isolates in this study. 
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A NEW SPECIES OF PTERYGODERMATITES (NEMATODA: RICTULARIIDAE) FROM THE 
INCAN SHREW OPOSSUM, LESTOROS INCA 
F. Agustin Jimenez and Bruce D. Patterson* 
Department of Zoology, Southern Illinois University, Carbondale, Illinois 62901-6501. e-mail: agustinjz@zoologysiu.edu 
ABSTRACT: Pterygodermatites (Paucipectines) hymanae n. sp, (Rictulariidae) collected from the Incan shrew opossum, Lestoros inca, 
from Peru is described herein, These nematodes show a subapical, slightly dorsal oral opening and a laterally compressed buccal 
capsule with 2 conspicuous lateral walls and a dorsal wall. Each lateroventral wall possesses 4 relatively large denticles, and the dorsal 
wall has 6 denticles, Females are characterized by a conspicuously large postvulvar 37th spine, which may reach I mm, This is the first 
record of endoparasites in the Incan shrew opossum and the fifth species of Pterygodermatites recorded in New World marsupials. 
Pterygodermatites Wedl, 1861, is a cosmopolitan genus of 
spirurid nematodes that includes species with a prominent buccal 
capsule and conspicuous spines along the surface of the cuticle. 
These nematodes occur in the digestive tract of mammals and 
show a heteroxenous pattern of transmission (Quentin, 1969). In 
South America, there are 11 species of the genus included in 2 
subgenera, Pterygodermatites (Multi pectines) or Pterygoderma-
tites (Paucipectines) (Beldomenico et aI., 2005; Torres et aI., 2007; 
Hoppe et aI., 2010). Nine species of Pterygodermatites (Pauci-
pectines) occur in South America, 4 in sigmodontine rodents 
(Quentin, 1967; Sutton, 1979, 1984); 1 in armadillos (Navone and 
Lombardero, 1980; Navone, 1987); 1 in bats (Travassos, 1928); 
and 1 in microbiotherid and 3 in didelphid marsupials (Chabaud 
and Bain, 1981; Navone, 1989; Navone and Suriano, 1992; 
Ramallo and Claps, 2007; Torres et aI., 2007, 2009; Jimenez et aI., 
2008), Pterygodermatites (Paucipectines) elegans (Travassos, 
1928) has been found in bats and didelphid marsupials. To our 
knowledge, no other member of Pterygodermatites has been 
reported in any of the 6 species of shrew opossums (paucitu-
berculata: Caenolestidae). The 3 genera of shrew opossums are all 
restricted to Andean South America, i.e., Caenolestes at middle to 
high altitudes in the northern Andes, Lestoros on the eastern 
Versant in southern Peru, and Rhyncholestes in the Valdivian 
Forest of southern Chile and Argentina. All forage on the ground 
and feed on invertebrates and fungi (Patterson, 2007). We herein 
present the first record for any helminth occurring in the Incan 
shrew opossum Lestoros inca (Thomas, 1917) and describe a new 
species of Pterygodermatites (Paucipectines). 
MATERIALS AND METHODS 
Incan shrew opossums were collected at the locality of La Esperanza, 
Paucartambo, Cuzco, Peru (13.17773°S, 71.60452°W, 2,880 m) from 25 
October to 1 November 2001. Shrew opossums were collected using 
Museum Special and Victor snap traps baited with peanut butter, oats, 
and fish oil, and killed by means of thoracic compression (Sikes and 
Gannon, 2011). Specimens used in the present study were fixed in 4% 
buffered formaldehyde in the field and subsequently transferred to 70% 
ethanol for storage. Specimens are maintained in the fluid collection of 
the Division of Mammals, Field Museum of Natural History, Chicago, 
Illinois, accession numbers FMNH 174477, FMNH 174479, and FMNH 
174481. Viscera were extracted through an inguinal incision and were 
examined for helminths, Parasites found were separated from the organs 
and stored in 70% ethanol. Nematodes were cleared in temporary mounts 
of lactophenol. All measurements are given in micrometers, with the 
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exception of total length, esophagus, and distance to vulva; for each 
character, the range is given first, followed by mean, coefficient of 
variation (Sokal and Rohlf, 1995), and sample size, Drawings were made 
using an Olympus BX50 microscope equipped with a drawing tube, 
DESCRIPTION 
Pterygodermatites hymanae n. sp. 
(Figs. 1-9) 
General: Nematodes with thick cuticle, body uniformly cylindrical, 
slightly tapering at both ends (Figs, 1,2), Four pairs of papillae in anterior 
end; 2 external pairs, subterminal, 2 internal pairs, both flanking stoma 
(Fig, 3). Oral opening subapical, slightly dorsal with 4 pseudolabia and 1 
ventral groove (Fig. 3). Buccal capsule asymmetric, dorsally elongated 
(Fig, 4), laterally flattened (Fig, 5), Three strongly developed walls; 4 
denticles on margins of lateroventral walls (Figs, 3, 4), 6 minute denticles 
in dorsal margin (Fig. 3), and 3 internal denticles in bottom of capsule, 1 
dorsal and 2 lateroventral (Fig, 4), Two subventral rows of cuticular 
projections run along the body, A single type of cuticular projection 
present in males (Fig, I), 3 different types in females (Figs. 2, 6, 8). 
Esophagus filariform, with short muscular and long glandular portion 
(Figs. I, 2), 
Males (based on 2 specimens): Total length, 2.66-3,33 mm, maximum 
width at midbody 122-198, Dorsal wall of buccal capsule 18 (0,3%) long; 
ventral wall 23-24 (3.3%) long, 23-25 (7%) wide at base, Total length of 
esophagus 1,057-1,224 (11.6%), length muscular portion 144-157 (5%), 
20-33 (31%) wide at level of nerve ring; glandular portion 913-1,057 
(12%) long, 36-59 (39%) wide, Nerve ring located 133-160 (14%) from 
anterior end (Fig, 1); excretory pore not observed. Forty-two pairs of 
subventral (n = 1) and 3 precloacal ventral projections (Figs, 1,6), Eight 
pairs of caudal papillae. Spicules of different sizes, left 80-87 (6%) long, 9-
10 (11%) wide at calomus; right 42-47 (9%) long, 5-6 (15%) wide at 
calomus (Fig, 6). Tail 98-108 (8%) long (Fig. 6), 
Females (based on 8 gravid specimens): Total length, 16.22 by 26,37 mm 
(21.99, 17%), maximum width at midbody 448-881 (658, 24%), Dorsal 
wall of buccal capsule 69-123 (91, 24%) long; ventral wall 104-165 (127, 
19%) long, 89-151 (114, 20%) wide at base. Total length of esophagus 
4,21-5.11 mm (4,64, 7%), muscular portion 368-492 (426, 12%, n = 6) 
long, 59-81 (73, 15%, n = 6) wide at nerve ring level; glandular portion 
3.72-4.51 mm (4.21, 7%, n = 6) long, 133-223 (170, 22%) wide (Fig. 2). 
Nerve ring and deirids located 360-443 (399, 9%, n = 7) and 586 (n = 1), 
respectively, from anterior end. Two subventral rows with 63 cuticular 
processes, 35 prevulvar (n = 6) (Fig, 2). Postvulvar processes 36-39 form 
hypertrophied spines (Fig. 2); processes 40 onward form smaller spines. 
Process 37 longer than rest, attached to body by 2 blunt roots, 561-901 
(769, 15%, n = 8) long, 133-188 (161, 12%, n = 8) wide at base (Fig. 7). 
Vulva 4.49-5,93 mm (5,32, 6%) from anterior end. Amphidelphic 
opisthodelphic, with ova 39-47 (42, 4.7%, n = 48) by 22-29 (26, 6,8%, 
n = 48) (Fig. 9). Tail 300-364 (329, 7%) (Fig. 8), 
Taxonomic summary 
Type host: Incan shrew opossum, Lestoros inca (Thomas, 1917) 
(paucituberculata: Caenolestidae), Symbiotype in FMNH 174481. 
Type locality: Peru, Cuzco, La Esperanza, 13.177733°S, 71.60451 TW, 
2,880 m, Collected 1 November 2001. 
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FIGURES 1~6. Pterygodermatites (Paucipectines) hymanae n. sp. (1) Male, whole body; scale bar = 100 11m. (2) Anterior end of female; anterior end is 
lateral and body turns ventrally in the vulvar region where both rows of cuticular processes are parallel; scale bar = 200 11m. (3) En face view of a female, 
showing papillae, laterally compressed buccal capsule, and denticles in lateroventral and dorsal walls; scale bar = 50 11m. (4) Lateral view of anterior end, 
showing denticles in the bottom of buccal capsule; scale bar = 100 11m. (5) Dorsal view of anterior end; scale bar = 100 11m. (6) Tail of male, showing 
precloacal formations, spicules, and tail; scale bar = 50 11m. 
Prevalence: Three of 3 shrew opossums (100%); mean intensity: 6.3; 
range: 2~9. 
Site of infection: Small intestine. 
Specimens deposited: Holotype in Museo de Historia Natural, 
Universidad Nacional Mayor de San Marcos, Lima [MUSM3057], 
allotype (FMNH-INVI40l4), and paratypes (MUSM3058 and 3059 and 
FMNH-INVI4013, 14015-14017). 
Etymology: The species is named after Dr. Libbie Henrietta Hyman, 
renowned invertebrate zoologist of the 20th century. 
Remarks 
Pterygodermatites (Paucipectines) hymanae is unique among all known 
species of the subgenus from the Neotropics in having a laterally 
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FIGURES 7, 8. Pterygodermatites (Paucipectines) hymanae n. sp. 
Female. (7) Thirty-seventh cuticular process; scale bar = 200 lJ.m. (8) 
Tail; scale bar = 300 lJ.m. 
compressed buccal capsule, uniformly cylindrical body, and hypertrophied 
postvulvar spines. The body of the females of all other species in the 
subgenus is divided into a thin anterior end and wide posterior half. The 
posterior half contains the opisthodelphic uterus. The configuration of the 
buccal capsule of P. (P.) hymanae is unique in that there are 4 relatively 
large denticles in the lateroventral walls of the capsule, and 6 minute 
denticles in the dorsal wall. Relative to traits found in males, there are 3 
unpaired ventral cuticular processes in the tail, of which the most anterior 
is smaller. Among the 9 described species of the subgenus in South 
America, only P. (P.) zygodontomys (Quentin, 1967) and P. (P.) elegans 
possess 3 caudal processes. Pterygodermatites (Paucipectines) hymanae can 
be distinguished from P. (P.) zygodontomys and P. (P.) elegans in the size 
FIGURE 9. Embryonated egg of Pterygodermatites (Paucipectines) 
hymanae n. sp.; scale bar = 20 lJ.m. 
of the anterior ventral caudal process and shape of the body of females. 
Both P. (P.) hymanae and P. (P.) elegans show similar size and shape of 
spicules. All remaining species in Pterygodermatites (Paucipectines) show 
spine-like subventral processes near the vulva; however, none of them 
shows spines as long as I mm. 
The configuration of the laterally compressed buccal capsule of P. (P.) 
hymanae is unique among all other species in the 5 subgenera. The 
nematode herein described possesses a buccal capsule that appears to be 
an inverted triangle in face view, with 2 ventral walls and I dorsal wall. 
Each ventral wall bears 4 well-developed denticles, whereas the dorsal wall 
has 6 smaller denticles. Known species of Pterygodermatites show an 
oblong buccal capsule in frontal view and bear a crown of minute 
denticles. Examples of this configuration include species in Pterygoder-
matites (Paucipeclines) and Pterygodermatites (Neopaucipectines), which 
possess a similar number of homogeneous denticles. The latter subgenus is 
diagnosed by the dorsally directed stoma, a trait that is common with the 
species herein described. However, the different numbers and sizes of 
peribuccal denticles can be used to separate these taxa. In addition to the 
number of prevulvar cuticular processes, these structures are useful traits 
to separate these 2 taxa from Pterygodermatites (Pterygodermatites), in 
which peribuccal denticles are notoriously irregular in size. Finally, the 
peribuccal structures in Pterygodermatites (Mesopectines) and Pterygo-
dermatites (Multi pectines) form apophyses in the ventral side. 
The configuration of the buccal capsule, the arrangement of the cephalic 
papillae, and the sessile caudal papillae in P. (P.) hymanae make us suspect 
it could belong to a unique subgenus. The structures surrounding the 
stoma are of key relevance in the definition of subgenera in Ptery-
godermatites. However, discrete and measurable characters used in 
the differentiation of subgenera and species frequently overlap, making 
species classification difficult (Tkach and Swiderski, 1996). More extensive 
sampling may reveal species showing similar traits. These could be used to 
reconstruct the phylogeny of the group, which may enable systematists to 
select characters that can be used reliably in the definition of the genus and 
subgenera. 
The 5 species of Pterygodermatites known to infect marsupials in the 
New World include P. (Paucipectines) elegans in Marmosa sp. from Brazil, 
P. (P.) hymanae in Lestoros inca from Peru, Pterygodermatites (P.) 
jagerskioldi from Caluromys philander, Gracilinanus agilis, and Gracilina-
nus micro tarsus from Brazil, Pterygodermatites (P.) kozeki from Marmosa 
sp. from Colombia, and from Lestodelphys halli, Didelphis albivenlris, 
Thylamis pusillus, and Thylamis pallidior from Argentina, and Pterygo-
dermatites (P.) spinicaudatis in Dromiciops gliroides from Argentina. 
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A NEW SPECIES OF RHABDIAS (NEMATODA: RHABDIASIDAE) FROM AGAMID LIZARDS 
ON LUZON ISLAND, PHILIPPINES 
Yuriy Kuzmin, Vasyl V. Tkach*, and Sarah E. Busht 
Institute of Zoology, Ukrainian National Academy of Sciences, Kiev, Ukraine. e-mail: vasyl.tkach@email.und.edu 
ABSTRACT: Rhabdias odilebaini n. sp. is described on the basis of specimens found in the lungs of 2 species of agamid lizards: the 
Philippine flying lizard Draco spilopterus and the marbled bloodsucker Bronchocela marmorata. Specimens were collected in Aurora 
Province, Luzon Island, Philippines. The new species of Rhabdias is characterized by presence of 4 submedian lips, inconspicuous 
lateral lips, rounded cross-shaped oral opening, and tail end bent dorsally. This species is morphologically distinct from other Rhabdias 
spp. that parasitize reptilian and amphibian hosts, including 3 other species known to parasitize lizards of the Agamidae. 
Rhabdias Stiles et Hassall, 1905, includes approximately 70 
species of nematodes parasitic in amphibians and reptiles 
worldwide (Kuzmin and Tkach, 2002-2011). To date, lizards of 
the Agamidae Spix, 1825, were known to host only 3 Rhabdias 
species, namely, Rhabdiasjapalurae Kuzmin, 2003, described from 
2 species of japalures in southern Japan and Taiwan, Rhabdias 
singaporensis Bursey, Hoong et Goldberg, 2012, from Calotes 
versicolor (Daudin, 1802) in Singapore, and Rhabdias mcguirei 
Tkach, Kuzmin et Brown, 2011, from a flying lizard Draco 
spilopterus (Wiegmann, 1834) in the Philippines (Kuzmin, 2003; 
Tkach et aI., 2011; Bursey et aI., 2012). Sixteen other Rhabdias 
species have been described from related lizard families within the 
Iguania suborder, namely, the Chameleonidae and Polychrotidae 
in tropical Africa, Madagascar, and Central America (Bursey et aI., 
2003; Lhermitte-Vallarino and Bain, 2004; Martinez-Salazar, 2006; 
Bursey et aI., 2007; Lhermitte-Vallarino et aI., 2008; Lhermitte-
Vallarino et aI., 2009; Lhermitte-Vallarino et aI., 2010), Although 
Rhabdias spp. have been documented primarily from tropical 
lizards, a recently described species (Rhabdias lacertae Moravec, 
2010) was found in lacertid lizard (suborder Lacertilia) in the 
temperate zone of Europe (Moravec, 2010). 
In 2009 we conducted a biological survey of terrestrial 
vertebrates and their parasites in Aurora Province, Luzon Island, 
Philippines. Initial examination of the parasitic nematodes from 
agamid lizards revealed a new species (R. mcguirei from D. 
spilopterus) that was described by Tkach et al. (2011). Examina-
tion of additional material from this survey has revealed another 
new species of Rhabdias from 2 agamid lizards, i.e., D. spilopterus 
and the marbled bloodsucker Bronchocela marmorata Gray, 1845. 
Although the new species and R mcguirei both parasitize D. 
spilopterus, these 2 species of Rhabdias are clearly morphologi-
cally distinct. The new species is described herein and differen-
tiated from morphologically similar species. 
MATERIALS AND METHODS 
Lizards were collected by hand or using pitfall traps in several collecting 
sites in the Aurora Province, Luzon Island, Philippines, during an ex-
pedition from 21 May to I July 2009. Lizards were necropsied immediately 
after being killed with 20% aqueous chloratone. Live nematodes recovered 
from the lungs were rinsed in saline, killed with hot 70% ethanol, and 
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preserved in 70% ethanol. Before examination using light microscopy, 
nematodes were cleared in phenol/glycerine solution (ratio 2:1). Drawings 
were made with aid of a drawing tube. All measurements in the text are in 
micrometers unless otherwise stated. 
Type specimens were deposited in the Harold W. Manter Laboratory 
(HWML), University of Nebraska, Lincoln, Nebraska, and the parasite 
collection at the College of Veterinary Medicine, University of the 
Philippines-Los Banos, Los Banos, Philippines. The reptilian specimens 
have been deposited in the University of Kansas Museum of Natural 
History (KUH), Lawrence, Kansas. 
DESCRIPTION 
Rhabdias odi/ebaini n. sp. 
(Figs. 1-5) 
Diagnosis: Based on 4 specimens, i.e., 1 holotype and 3 paratypes; 
measurements of the holotype are followed by ranges for the whole series in 
parentheses: Comparatively large Rhabdias species. Body length 14.9 
(10.3-14.9) mm, width at midlength 560 (490-600). Anterior extremity 
rounded, posterior extremity tapering. Inflation of body cuticle (body 
vesicle) more pronounced on anterior and posterior parts of body. In 
anterior part, body vesicle swollen, rounded on anterior end and becoming 
thinner posteriorly (Fig. 1). In caudal region, vesicle tapering posteriorly, 
covering tail tip (Fig. 5). Lateral pores inconspicuous under light 
microscope. Four submedian lips present close to oral opening (Fig. 3). 
Each lip with small papilla on inner side. Lateral lips and amphids 
inconspicuous. Oral opening rounded, cross-shaped, laterally elongated, 
leading to narrow vestibulum about 18 long (Fig. 2). Buccal capsule oval-
shaped in apical view (Fig. 4), slightly elongated laterally. Anterior 
segment of buccal capsule barrel-shaped in lateral view; posterior segment 
wide and shallow, funnel-shaped (Fig. 2). Outer diameter of buccal 
capsule 25 (25-25), total length of both segments 15 (15-17). Esophagus 
club-shaped, occupying about half of body width in anterior part of body 
(Fig. I). Width of esophagus 57 (55-62) in anterior part, 57 (52-57) at 
midlength. Dilation of muscular part of esophagus conspicuous, 67 (65-
72) wide. Posterior bulb egg-shaped (Fig. I), 115 (102-115) wide. Nerve 
ring situated at 240 (220-280) from anterior end of esophagus (26.1 % 
[23.5-28.3%] of esophagus length). Length of esophagus 920 (880-980), or 
6.2% (6.7-8.5%) of body length. Excretory pore and excretory duct not 
observed in studied specimens. Intestine narrow at esophageal-intestinal 
junction (Fig. I), then widening posteriorly and occupying whole internal 
body space anterior to loop of anterior genital tube. Posterior part of 
intestine wide, thin-walled, filled with dark contents. 
Genital system amphidelphic, typical of the genus. Vulva at 8.2 (5.65-8.2) 
mm from anterior end, slightly postequatorial (55.0% [54.4-55.0%] of body 
length). Lips of vulva indistinct. Vagina short, transverse, lined with thin 
cuticle. Uteri thin-walled, filled with numerous eggs containing first-stage 
larvae. Egg size 112-137 X 55-65 (n = 10, measured in uteri ofholotype). 
Caudal region conical. Rectum almost tubular, lined with thick cuticle. 
Tail 490 (360-500) long, or 3.3% (3.1-3.5%) of body length. Tail tip 
rounded. Posterior part of tail bent to dorsal side in all studied specimens 
(Fig. 5). Phasmids situated posterior to midlength of tail. 
Taxonomic summary 
Type host: Draco spilopterus (Wiegmann, 1834) (Reptilia: Sauria: 
Agamidae). 
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FIGURES 1-5. Rhabdias odilebaini n. sp. (1) Anterior part of body, lateral view. (2) Head end, lateral view. (3) Head end, apical view. (4) Head end, 
apical view, optical section at level of buccal capsule mid-depth. (5) Tail end, lateral view. Scale bars: 1, 5 = 0.2 mm; 2-4 = 0.1 mm. 
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Other hosts: Bronchocela marmorata Gray 1845 (Reptilia: Sauria: 
Agamidae). 
Infection: Found in 3 of 7 examined D. spilopterus and in I of 6 
examined B. marmorata. Each infected host specimen contained only I 
nematode. 
Type locality: Aurora Memorial National Park, Sitio Dimani, Barangay 
Villa Aurora, Municipality of Maria Aurora, Aurora Province, Luzon 
Island, Philippines, 500 m (a.s.I.), 15.680oN, 121.336°E. 
Other localities: Aurora Memorial National Park, Sitio Dimani, 
Barangay Villa Aurora, Municipality of Maria Aurora, Aurora Province, 
Luzon Island, Philippines, 500 m (a.s.I.), 15.685°N, 121.34I D E; Barangay 
Zabali, Municipality of Baler, Aurora Province, Luzon Island, Philip-
pines, 75 m (a.s.I.), 15.742°N, 121.576°E. 
Specimens deposited: The type series consists of 4 fully mature 
specimens. Holotype: HWML, collection no. 67081 (labeled: ex. Draco 
spilopterus, Aurora Memorial National Park, Sitio Dimani, Barangay 
Villa Aurora, Municipality of Maria Aurora, Aurora Province, Luzon 
Island, Philippines, 28 May 2009, coil. V. Tkach), host specimen KUH 
323057. Paratypes: HWML, collection no. 67082 (labeled: ex. Draco 
spilopterus, Aurora Memorial National Park, Sitio Dimani, Barangay 
Villa Aurora, Municipality of Maria Aurora, Aurora Province, Luzon 
Island, Philippines, 22 May 2009, coli. V. Tkach), host specimen KUH 
32305. Two paratypes were deposited in the parasite collection at the 
College of Veterinary Medicine, University of the Philippines-Los Banos. 
One of them was labeled: ex. Bronchocela marmorata, Barangay Zabali, 
Municipality of Baler, Aurora Province, Luzon Island, Philippines, 8 June 
2009, coIl. V. Tkach, host specimen KUH 323048; the second specimen 
was labeled ex. Draco spilopterus, Barangay Zabali, Municipality of Baler, 
Aurora Province, Luzon Island, Philippines, 8 June 2009, coli. V. Tkach, 
host specimen KUH 323072. 
Etymology: The species is named after Dr. Odile Bain (Museum 
National d'Histoire Naturelle, Paris, France) for her tremendous 
contribution to our knowledge of zooparasitic nematodes and, particu-
larly, Rhabdias species from reptiles. 
Remarks 
The relatively large body size, presence of numerous eggs in uteri, and 
fully developed larvae in the eggs are characters that R. odilebaini shares 
with other Rhabdias species known from lizards of the Agamidae, 
Polychrotidae, and Chamaeleonidae, as well as some species parasitizing 
amphibians. The arrangement of circumoral structures (submedian lips 
overhanging edge of oral opening, lateral lips inconspicuous) of R. 
odilebanini resembles those of Rhabdias leonae Martinez-Salazar, 2006, 
Rhabdias mariauxi Lhermitte-Vallarino and Bain, 2009, Rhabdias kibir-
aensis Lhermitte-Vallarino, Barbuto and Bain, 2010, Rhabdias brygooi 
Lhermitte-Vallarino, Barbuto and Bain, 2010, Rhabdias singaporensis 
Bursey, Hoong, and Goldberg 2012 (Bursey et aI., 2012) (all parasitic in 
reptiles), and Rhabdias africanus Kuzmin, 2001 and Rhabdias joaquinensis 
Ingles, 1935 (both parasitic in amphibians). 
Rhabdias odilebaini is morphologically most similar to R. brygooi from a 
chamaeleonid lizard Brookesia superciliaris (Kuhl, 1820) in Madagascar. 
The 2 species are similar in body size, length of esophagus and tail, shape 
of oral opening, number and position of lips, and structure of the buccal 
capsule. Rhabdias odilebaini differs from R. brygooi by the shape of 
anterior part of intestine, which is narrow at the esophageal-intestinal 
junction and widening posteriorly in R. odilebaini, whereas in R. brygooi it 
is wide at esophageal-intestinal junction without sharp increase in 
diameter (Lhermitte-Vallarino et aI., 2010). Internal surface of anterior 
segment of the buccal capsule bears longitudinal crests in R. brygooi 
(Lhermitte-Vallarino et aI., 2010), whereas in R. odilebaini it is smooth. 
The esophagus is markedly wider in R. brygooi; its width at midlength is 
75-100 and posterior bulb is 125-180 wide (Lhermitte-Vallarino et aI., 
2010), whereas in R. odilebaini the esophagus width at midlength is 52-55 
and posterior bulb is 102-115. 
The head-end morphology (shape and position of circumoral structures 
and structure of the buccal capsule) of R. odilebaini is also similar to 2 
other species described from chamaeleonid lizards in Africa, R. mariauxi 
and R. kibiraensis. The new species differs from R. mariauxi in having 
smaller buccal capsule (15-17 x 25 in R. odilebaini vs 17-18 x 40-48 in R. 
mariauxi) and tail tip enclosed in body vesicle (not enclosed in R. 
mariauxi). In addition, the anterior part of intestine in R. odilebaini is 
narrower than esophageal bulb, whereas in R. mariauxi it is wider than 
esophageal bulb (Lhermitte-Vallarino et aI., 2009). 
Rhabdias odilebaini differs from R kibiraensis by having a smaller 
buccal capsule (15-17 x 25 in R. odilebaini vs 22-26 x 41-44 in R. 
kibiraensis) and differently shaped esophageal bulb (egg-shaped in R. 
odilebaini vs broad-based in R. kibiraensis). Additionally, the oral opening 
in R. odilebaini is laterally elongated, whereas in R. kibiraensis the oral 
opening is dorsoventrally elongated (Lhermitte-Vallarino et aI., 2010). 
Rhabdias odilebaini differs from R. leonae described from Norops 
megapholidotus Smith, 1933, in Mexico (Martinez-Salazar, 2006) in having 
a wider buccal capsule (25 in R. odilebaini vs 11-19 in R leonae), longer 
esophagus (880-980 or 6.7-8.5% of body length in R. odilebaini vs 670-
751 or 4.7-5.89% of body length in R. leonae), and longer tail (360-500 or 
3.\-3.5% of body length in R. odilebaini vs 217-325 or 1.84-2.77% of body 
length in R. leonae). The 2 species are also separated geographically. 
Rhabdias odilebaini differs from R. singaporensis recently described from 
C. versicolor (Daudin, 1802) in Singapore (Bursey et aI., 2012) by the 
structure of buccal capsule consisting of anterior and posterior segments, 
larger buccal capsule (25 wide in R. odilebaini vs 12-20 in R. 
singaporensis), larger diameter of esophagus (65-72 wide in muscular part 
and 102-115 maximum width in R. odilebaini vs 46-55 and 70-104, 
correspondingly, in R. singaporensis), and longer esophagus (880-980 in R. 
odilebaini vs 497-689 in R. singaporensis) and tail (360-500 in R. odilebaini 
vs 122-348 in R. singaporensis). These differences are particularly 
meaningful considering that R singaporensis is very similar in size or 
even a somewhat longer species (10.2-17.9 mm) than R. odilebaini (10.3-
14.9 mm). The posterior half of the tail in R. odilebaini is narrower and 
tapers more gradually than that in R. singaporensis (Bursey et aI., 2012). 
Rhabdias odilebaini differs from R. joaquinensis (parasite of frogs in 
North America) and R. africanus (parasite of toads in Africa) by the 
absence of lateral pseudo labia and the buccal capsule consisting of 
anterior and posterior segments. Additionally, R. odilebaini is different 
from R. joaquinensis in the body shape, and the size and position of the 
vulva, which is situated closer to the middle of body in R. odilebaini. The 
new species has a wider buccal capsule, which is 25 in diameter in the new 
species vs 10-12 in diameter in R. joaquinensis (Kuzmin et aI., 2003). In 
contrast to the new species, R. africanus possesses lateral pseudolabia and 
has comparatively wider and shorter vestibulum of the stoma, shorter 
esophagus (575-710 in R. africanus vs 880-980 in R. odilebaini), and 
narrower esophageal bulb (65-80 in R. africanus vs 102-115 in R. 
odilebaini). The esophagus in R. africanus lacks prominent dilation of the 
muscular part (Kuzmin, 2001), which is present in the new species. All 3 
species are separated geographically. 
Rhabdias odilebaini differs from R. japalurae Kuzmin, 2003, known 
from agamid lizards in Japan and Taiwan (Kuzmin, 2003) by the shape of 
oral opening (laterally elongated in R. odilebaini, round in R. japalurae), 
absence of body cuticle inflation at level of the posterior part of 
esophagus, longer vestibulum of the stoma, and presence of anterior 
and posterior segments in the buccal capsule. 
Rhabdias odilebaini differs from R. mcguirei recently described from 
agamid lizards in Philippines (Tkach et aI., 2011) by the shape of 
oral opening (rounded cross-shaped in R. odilebaini vs round in R. 
mcguirei), size of buccal capsule (15-17 X 25 in R. odilebaini vs 17-22x37-
40 in R. mcguirei), and longer tail (360-500 in R. odilebaini vs 290-360 in 
R. mcguirei) , which is bent dorsally in R. odilebaini and straight in R. 
mcguirei. 
DISCUSSION 
In the present study, R. odilebaini was found in 2 host species, 
D. spilopterus and B. marmorata. Another Rhabdias species, R. 
mcguirei, was also recently described from D. spilopterus from the 
same region of Luzon Island. It is not unusual for single host 
species to be parasitized by 2 different species of rhabdiasid 
nematodes in the same region. For instance, European common 
toads Bufo bufo (Linnaeus, 1758) are known to host Rhabdias 
bufonis (Schrank, 1788), Rhabdias rubrovenosa (Schneider, 1866), 
and Rhabdias sphaerocephala Goodey, 1924 (Hartwich, 1975); 
cane toads Bufo marinus (Linnaeus, 1758) host Rhabdias fulleborni 
Travassos, 1926, Rhabdias pseudosphaerocephala Kuzmin, Tkach 
et Brooks, 2007, and Rhabdias alabialis Kuzmin, Tkach et 
Brooks, 2007 (Kloss, 1974; Kuzmin et aI., 2007). Single 
individuals of the European slow-worm Anguis fragilis Linnaeus, 
1758, are known to simultaneously harbor 2 closely related species 
of Entomelas nematodes (Entomelas entomelas [Dujardin, 1845] 
and Entomelas dujardini [Maupas, 1915]). The European glass 
lizard Pseudo pus apodus (Pallas, 1775) can simultaneously harbor 
2 other Entomelas species: Entomelas ophisauri (Kreis, 1940) and 
Entomelas kazakhstanica Sharpilo et Vakker, 1972 (Sharpilo, 
1976; unpubi. obs.). Interestingly, we found both R. mcguirei and 
R. odilebaini in a single individual of D. spilopterus. To the best of 
our knowledge, discovery of 2 Rhabdias species in D. spilopterus 
in Philippines is the first case of this kind in lizards in Asia. 
Species of Rhabdias that are parasites of amphibians are usually 
rather strictly host-specific (Tkach et aI., 2006); however, we 
know little about the host specificity of rhabdiasids parasitizing 
lizards. In our study, R. odilebaini was found in 2 different host 
species. It was found most frequently in D. spilopterus (3/7 hosts 
infested) and less frequently in B. marmorata (1/6 hosts infested). 
These 2 lizard species are syntopic and are both frequently found 
in the crowns of coconut trees, which may provide opportunities 
for the exchange of these parasites; therefore, it is possible that B. 
marmorata is an accidental host, and that R odilebaini typically 
complete their life cycle in D. spilopterus. However, we did not 
observe any significant morphological differences in specimens of 
R odilebaini from both lizard species; moreover, the presence of 
reproductive adults in both host species suggests that R odilebaini 
may be able to exploit both of these host species on a regular 
basis. The sample sizes in our study are too small to draw robust 
conclusions about the host specificity of R. odilebaini. Presumably 
additional studies of helminths in lizards from the Philippines will 
yield more robust data on the host specificity of this, and other, 
Rhabdias spp. 
Most Rhabdias spp. parasitizing lizards (except for R lacertae) 
are morphologically similar to each other. All these species are 
mid- to large-sized rhabdiasids, with prominent inflation of the 
cuticle on at least some parts of the body, a nerve ring situated in 
the anterior half of the esophagus, and with numerous eggs in the 
uteri. Moreover, the majority of morphological features found in 
species from lizards are also typical of Rhabdias spp. from 
amphibians. This fact suggests close relationships of Rhabdias 
spp. parasitizing amphibians and lizards. It remains unclear, 
however, whether colonization of lizards with Rhabdias species 
was a single evolutionary event or a result of multiple host-
switching events. Obtaining molecular data from a broad range of 
rhabdiasids will be crucial in improving our understanding of the 
relationships between Rhabdias spp. parasitizing lizards and those 
parasitizing amphibian hosts. 
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A NEW GENUS AND SPECIES OF LUNGWORM (NEMATA: METASTRONGYLOIDEA) FROM 
AKODON MOL LIS THOMAS, 1894 (RODENTIA: CRICETIDAE) IN PERU 
Maria Elizabeth Morales*, John E. Ubelakert, and Scott L. Gardner:j: 
Department of Protozoologfa, Helmintologfa e Invertebrados Afines, Museo de Historia Natural, Universidad Nacional Mayor de San Marcos 
(MUSM), Apartado 14-0434, Lima, Peru. e-mail: helminto_musm@yahoo.com 
ABSTRACT: Akodonema luzsarmientae n.g., n.sp. (Nemata: Metastrongyloidea) is described from the pulmonary arteries and heart 
from several individuals of "soft grass mouse," Akodon mollis (Rodentia: Cricetidae), collected in the region of Ancash, Peru. The new 
genus and species is distinguished by a reduction of the dorsal ray to 2 small widely separated papillae. 
During a study of the hehninth parasites of the "soft grass 
mouse," Akodon mollis Thomas, 1894, from mountain shrub habitat 
on the western flank of the Andes of Peru, an undescribed species of 
an angiostrongylid type of nematode representing a new genus was 
found in the pulmonary arteries and heart. The new species shows 
some similarity to species of Gallegostrongylus (Mas-Coma, 1977) 
and Thaistrongylus (Ohbayashi, Kamiya, and Bhaibulaya, 1979) in 
the reduction, loss, or ancestral absence, of the dorsal ray. 
Species of Akodon Meyen, 1833, have a strictly Neotropical dis-
tribution, with a northern-most species, Akodon affinis Allen, 1912, 
occurring in the western part of the Andes in Colombia (Eisenberg, 
1989), and many other species distributed over the South American 
continent to Tierra del Fuego, where the closely related Abothrix 
hershkovitzi can be found (Patterson et al., 1984). More than 40 
species of Akodon have been described (Wilson and Reeder, 2005), 
and because of cryptic species in the genus, there are probably many 
more that are currently unrecognized. 
Akodon mollis is a small rodent (mean total length = 169.8 mm) 
that inhabits the montane region and Pacific lowlands of northern 
Peru northward through the central highlands of Ecuador (Patton 
and Smith, 1992) (Fig. 1). As is typical of species included in 
Akodon, their diet appears to consist mostly of insects, seeds, and 
other vegetable materiaL There are no previous reports of 
parasites from A. mollis. 
MATERIAL AND METHODS 
Between February 1988 and October 1989, 125 specimens of A. mollis 
were captured using Sherman ™ live traps, from the District of 
Huayllacayan (Iat 10°14'56" S, long. 77°26'00"W), Province of Bolognesi, 
Department of Ancash, in the high-altitude puna habitat of the central 
Andes of Peru (2,100-3,256 m) (Fig. 2). 
Specimens of Akodon in this study were captured during a survey of the 
potential reservoirs of Leishmania spp. by a research group of the Institute 
of Tropical Medicine "Alexander Von Humboldt" of Cayetano Heredia 
University in Lima, Peru, from 19 different localities (caserios). After 
individual mice were sampled for Leishmania spp., they were killed, and 
the carcasses frozen at - 20 C and deposited in the Department of 
Mammalogy of the Museo de Historia Natural, Universidad Nacional 
Mayor de San Marcos (MUSM), in Lima, Peru. Subsequently, individual 
rodents were thawed and examined for parasites using a binocular 
dissecting microscope in the Laboratory of Helminthology at MUSM. 
Received 22 January 2010; revised 24 November 2011; accepted 5 
December 2011. 
* Present address: Department of Natural Sciences, New Mexico 
Highlands University, Las Vegas, New Mexico 87701. 
t Department of Biological Sciences, Southern Methodist University, 
Dallas, Texas 75275. 
t Harold W. Manter Laboratory of Parasitology, University of Nebraska 
State Museum, Lincoln, Nebraska 68588-0514. 
DOl: lO.164S/JP-GE-2440.1 
Nematodes recovered were fixed and stored in 70% ethanol and later 
cleared with lactophenol for study. 
All nematodes used in this study were deposited in the Colecci6n 
Helmintol6gica y de Invertebrados Relacionados del Museo de Historia 
Natural, MUSM, and in the Parasite Collection of the Harold W. Manter 
Laboratory of Parasitology, University of Nebraska-Lincoln, Lincoln, 
Nebraska. Measurements were made with the aid of an ocular micrometer 
and digital measuring software (Sigma Scan Pro, Systat Software, Inc., 
Chicago, Illinois). All measurements are given in micrometers except where 
noted, with the range followed by the mean in parentheses. Drawings were 
made with the aid of drawing tube attached to a Carl Zeiss light microscope. 
DESCRIPTIONS 
Akodonema n. gen. 
Diagnosis: Elongate, delicate nematodes with body of both sexes 
filiform and tapering to smaller diameter at anterior end. Cuticular sheath 
absent, cuticle with numerous fine, longitudinal striations. Cephalic region 
with 3, minute lips, each bearing 2 small papillae. Esophagus claviform in 
outline, excretory pore well anterior to esophageal-intestinal junction. 
Intestine filled with blood from host. Both intestine and milky-white 
uterine tubules spirally arranged within the pseudocoelom. 
Male: Tail curved ventrally. Bursa small, incomplete, 2 lateral sides not 
joined anteriorly or posteriorly. Ventral and lateral rays of bursa long, 
narrow. Ventral rays fused for most oflength, lateral rays equal, arising from 
common trunk, divided to about 112 oflength. Dorsal ray absent, but 2 small 
and delicate papillae present. External dorsal rays present, elongate and 
narrow. Spicules thin, elongate and well developed. Gubernaculum present. 
Female: Oviparous and prodelphic with simple ovejector. Vulva opens 
at posterior end just anterior to anus, tail short. Eggs elliptical in shape, 
showing early development of juveniles. Eggs deposited into blood stream, 
and larvae hatch in lungs of host. 
Taxonomic summary 
Etymology: The generic name is an arbitrary combination taken from 
"Akodo" in reference to the host rodent (Akodon) and the word "nema," 
which means "thread" in Greek. Gender feminine. 
Akodonema /uzsarmientae n. sp. 
(Figs. 1-7) 
General: Body of both sexes filiform and tapering at anterior end. 
Cuticle lightly transversely striated. Head smoothly rounded. Mouth with 
3 tiny lips. Esophagus club shaped. Excretory pore close to nerve ring. 
Nerve ring in anterior third of esophagus. 
Male (holotype and 9 specimens): Body length 7.8 to 10.6 mm; width at 
base of esophagus 74 to 87, maximum width 110 to162. Esophagus 150 to 
172 long by 35 to 39 in maximum width. Nerve ring 25 to 28 from anterior 
end. Excretory pore 19 to 22 from anterior end. Anterior end of testes 
variable in position, not reaching base of esophagus. Spicules slender, 
conspicuously striated, equal or subequal, 230 to 246 long by 5 wide; 
cephalic ends of spicules pointed, edges irregular; distal ends smoothly 
rounded. Gubernaculum present, poorly cuticularized, 24 to 29 long. 
Bursa symmetrical and well developed forming two lateral lobes. Dorsal 
ray reduced to 2 small papillae widely separated. Externodorsal rays long, 
digitiform, arising separately at base. Lateral rays with common trunk, 
posterolateral, mediolateral, and externolateral arising from common 
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FIGURE I. Dorsal view of "soft grass mouse," Akodon mollis Thomas, 
1894 (Cricetidae: Sigmodontinae, Akodontini). Scale bar = 5 cm. 
trunk, all about equal in size and length. Ventral rays subequal, fused in 
lower %, ventral trunk widely separate from lateral trunk (Figs. 5, 6). 
Female (allotype and 8 other para type specimens; 9 total females included 
in the para type series): Body length 17.5 to 26.9 (21.6) mm width at base of 
esophagus 100 to 165 (135), maximum width 240 to 320 (274). Esophagus 132 
to 475 long by 114 to 117. Nerve ring 45 to 172 from anterior end. Excretory 
71° 
pore 57 to 170 from anterior end. Anterior end of ovaries variable in position, 8' 
but not extending anterior to base of esophagus. Uterine tubules white in life, 
spirally wound around blood-filled intestine presenting a "barber-pole" 
appearance common in family. Vulva opening near tip of tail 166 to 174. 
Anus 46 to 54 from tip of tail. Phasmidial pores not observed. Tail bluntly 
rounded. Eggs thin shelled, 75 to 93 long and 112 to 196 wide, laid in 
puhnonary artery and developing and hatching in lung tissue (Figs. 1-4). 
Taxonomic summary 
Type host: Akodon mollis Thomas, 1894, "soft grass mouse" (Cricetidae: 
Sigrnodontinae). 
Symbiotypes: Akodon mollis Thomas, 1894, adult males and females, 
Catalog numbers: 3608, 361 I, 3623, 3624, 3628, 3629, 3642, 3643, 3645, 
3649, 3650, 5760, 5778, 5782, 5786, 5787, 5893, all deposited in the 
Mammals Collection at the Museo de Historia Natural, MUSM. 
Type locality: District of Huayllacayan (looI4'56"S, 77°26'00"W), 
Province of Bolognesi, Department of Ancash, Peru. 
Site of infection: Pulmonary artery and branches, heart, and lungs. 
Prevalence of infection: Rodents examined, 125 of which 27 were 
infected (21.6%). 
Intensity: One to 9 nematodes. Total nematodes recovered, 78 (34 from 
heart and 44 from lungs). 
Type specimens: Holotype male: Colecci6n Helmintol6gica y de 
Invertebrados Relacionados, Museo de Historia Natural, MUSMm 
No. 1699. Allotype female: Colecci6n Helmintol6gica y de Invertebrados 
Relacionados, MUSM, No. 1700. Paratypes: Colecci6n Helmintol6gica y 
de Invertebrados Relacionados MUSM, Nos. 1701, 1837, 1838, 1839, and 
Harold W. Manter Laboratory of Parasitology Collection (HWML4804 I, 
HWML48042). 
Etymology: The specific name honors Dr. Luz Sarmiento, Emeritus 
Professor of the Universidad Nacional Mayor de San Marcos, Lima, Peru, 
and founder of the Helminthological Collection at the Natural History 
Museum, MUSM, in recognition of both her contribution to the 
knowledge of the Peruvian helminthology and her inspirational teaching 
for the study of protozoan and other animal parasites. 
Remarks 
All members of this group of worms dwell in the tissues of their hosts, 
often in the blood stream (Spratt, 1961). The new genus, Akodonema, is 
characterized by having well-developed ventral and lateral rays and with 
the dorsal ray reduced to a pair of sub-ventral papillae. The spicules are 
elongate. The morphology of the bursa allows comparisons with 
Aelurostrongylus Cameron, 1927, Marsupostrongylus Mackerras and 
Sandars, 1953, Andersonstrongylus Webster, 1978, Thaistrongylus Ohbaya-
shi, Kamiya and Bhaibulaya, 1959, and Gallegostrongylus Mas-Coma, 
1977, all of which have a reduced dorsal ray, or the dorsal ray is deeply 
divided or absent and/or papillae are present in its place. The new genus is 
most closely associated with the latter 2 genera. According to Mas-Coma 
(1977), in Gallegostrongylus, the dorsal ray is deeply divided with each 
branch of the ray arising separately and distant from each other. The 
ventral and lateral rays are well developed, and the spicules are short, 
delicate, and arcuate. As described by Ohbayashi et al. (1979), 
Thaistrongylus is represented by a single species, Thaistrongylus harinasu-
tai, collected from a single host (Rattus berdmorei Blyth) and described on 
N 
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FIGURE 2. Map showing the study area in oval (District of 
Huayllacayan, Province of Bolognesi, Department of Ancash, Peru) and 
the distribution of A. mollis Thomas, 1894, in Peru (shaded). 
the basis of fragmented male and female specimens. The description 
suggests that the genus has a strongly reduced bursa, including the ventral 
and lateral rays, and the dorsal ray is reduced to papilla-like and short 
arcuate spicules. Ubelaker (1986) argued that the genus is very similar to 
Gallegostrongylus and should be placed in synonymy. The differences 
between the genera Gallegostrongylus and Thaistrongylus are mainly in 
how strongly the bursa of the latter is reduced and if the lobes of the dorsal 
ray are papilla-like or consist of very short rays. On the other hand, 
Akodonema has ventral and lateral rays strongly developed, similar to 
either Angiostrongylus or Parastrongylus (see Ubelaker, 1986 for review; 
see also Robles et aI., 2008), and the dorsal ray is clearly reduced to widely 
separated papillae. The spicules are also of the Angiostrongylus-
Parastrongylus type, being long and thin. 
DISCUSSION 
Within the Angiostrongylidae as described by Anderson (1978),2 
groups of genera are evident. A first group is characterized by having 
intact dorsal rays. This group should remain in the Angiostrongylidae. 
REDESCRIPTION 
Angiostrongylidae Anderson, 1978 
Diagnosis: With the characters of the family. Bursa highly developed or 
reduced, complete, but typical rays always clearly defined. Dorsal ray is 
present but sometimes divided. Ventral and lateral rays well developed. 
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FIGURES 3-9. Akodonema luzsarmientae n.g. n. sp., (3) anterior end of gravid female from A. mollis Thomas, 1894, ventral view. (4) Egg of A. 
luzsarmientae n.g. n. sp. (5) Magnified posterior extremity of A. luzsarmientae n.g. n. sp., showing anus and glands associated with rectum. (6) Posterior 
extremity of gravid female of A. luzsarmientae n.g. n. sp. showing the vulva, vagina and eggs in the uterus. (7) Posterior extremity of a male of A. 
luzsarmientae n.g. n. sp., lateral view. (8) Posterior extremity of a male of A. luzsarmientae n.g. n. sp., ventral view. (9) Ventral view of spicules of A. 
luzsarmientae n.g. n. sp. Scale bars = 20 Illll (Figs. 3, 5); 100 Illll (Figs. 4, 6); 40 Illll (Figs. 7-9). 
Remarks 
Included in this family are Angiostrongylus Kaminski, 1905, Didelphos-
trongylus Prestwood, 1976, Filostrongylus Mackerras, 1955, Gurtlia 
WolfThugel, 1933, Heterostrongylus Travassos, 1925, Madangiostrongylus 
Chabaud and Brygo, 1960, Parastrongylus Baylis, 1928, Pulmostrongylus 
Hsu, 1935, Rodentocaulus Schulz, Orlov and Kutass, 1939, Sobolevingylus 
Romanov, 1952, Stefanskostrongylus Drozdz, 1970, and Tribostrongylus 
Anderson, 1963. A key for these genera is provided by Anderson (1978). 
A second group of genera split into several species generally displays a 
dorsal ray modified from a single intact structure to a pair of divided 
papillae or papillae-like structures. This group of nematodes will need 
revision, preferably after an adequate phylogenetic analysis is conducted 
of the group. 
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FIGURE 10. Akodonema luzsarmientae n.g. n.sp. in the heart of its host. 
Arrow shows a female worm in the heart of A. mollis Thomas, 1894, 
original magnification (25X). 
Genera included in this group include Akodonema n. gen., Aeluros-
trongylus Cameron, 1927, Andersostrongylus Webster, 1978, Antechinos-
trongylus Spratt, 1981, Madafilaroides Chabaud and Brygoo, 1960, 
Gallegostrongylus Mas-Coma, 1977, Marsupostrongylus Mackerras and 
Sandars, 1953, and Thaistrongylus Ohbayashi, Kamiya, and Bhaibulaya, 
1979. 
This group can be distinguished from the Angiostrongylidae mainly by 
the characters of the bursa that show a gradual reduction, as discussed by 
Webster (1978). This group shows relationships to nematodes belonging to 
the Filarioidea in which the caudal region of the males possesses remnants 
of ventral and lateral rays. 
DISCUSSION 
To date, only 2 species of angiostrongylid-types of nematodes 
have been reported from mammals in Peru. They are Angios-
trongylus costaricensis Morera and Cespedes, 1971, in the 
mesenteric vessels of "pichico barba blanca," Saguinus mystax 
(the tamarin), from Iquitos (Loreto), and Parastrongylus sp. in the 
pulmonary vein of "the painted big-eared mouse," Auliscomys 
pictus, from Casapa1ca (Lima) (Sarmiento et aI., 1999). Until 
recently, just 2 previously reports of angiostrongylids in rodents 
from South America were known: Angiostrongylus lenzii in 
Akodon montensis Thomas, 1913, from Rio de Janeiro, Brazil 
(Souza et aI., 2009), and Angiostrongylus morerai in Akodon 
azarae (Fischer, 1829) from Buenos Aires, Argentina (Robles et 
aI., 2008); both nematodes were found in the pulmonary arteries 
of their rodent hosts. 
Akodon is one of the most diverse genera of rodents in Peru, 
with 13 species recognized to date and many others yet to be 
described (Pacheco et aI., 2009). The helminth fauna of A. mollis 
from Peru is apparently diverse, and the finding of A. 
luzsarmientae n.g. n. sp. could be corroborating the fact of the 
positive coevolutionary correlation between species richness and 
altitude (M. Morales, pers. obs.); however, further studies are 
necessary to test this hypothesis. 
It is possible that A. luzsarmientae may be a cause of mortality 
in populations of A. mollis in the Andes, because this parasite may 
provoke inflammation of the lung and heart vessels, interfering 
with the normal function of these vital organs (Figs. 10-11), as 
FIGURE I I. Akodonema luzsarmientae n.g. n.sp. III the lungs of A. 
mollis Thomas, 1894, original magnification (20X). 
has been shown with A. morerai in populations of A. azarae from 
Argentina (Robles et aI., 2008). However, further studies are 
needed to demonstrate if these infections are fatal; some 
experimental infections with Angiostrongylus schmidti were not 
fatal to larger hosts such as cotton rats and white rats, but they 
were fatal to rodents with smaller body size (Kinsella, 1987). The 
present study constitutes a third report of an angiostrongylid-type 
parasite of a small mammal in Peru and extends the host and 
geographical distribution of this nematode to the Peruvian Andes 
in South America. 
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NEW SPECIES OF AROSTRILEPIS (EUCESTODA: HYMENOLEPIDIDAE) IN MEMBERS OF 
CRICETIDAE AND GEOMYIDAE (RODENTIA) FROM THE WESTERN NEARCTIC 
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ABSTRACT: Specimens originally identified as Arostrilepis horrida from the Nearctic are revised, contributing to the recognition of a 
complex of cryptic species distributed across the Holarctic region. Previously unrecognized species are described based on specimens in 
cricetid (Neotominae) and geomyid rodents. Arostrilepis mariettavogeae n. sp. in Peromyscus californicus from Monterey County, 
California and Arostrilepis schilleri n. sp. in Thomomys bulbivorus from Corvallis, Oregon are characterized. Consistent with recent 
studies defining diversity in the genus, form, size, and spination (pattern, shape, and size) of the cirrus are diagnostic; species are further 
distinguished by the relative position and length of the cirrus sac and arrangement of the testes. Species of Arostrilepis have not 
previously been described in rodents outside of the Arvicolinae or from localities in the Nearctic. These studies emphasize the need for 
routine deposition of archival specimens and information, from survey, ecological, and biogeographic studies, in museum collections to 
serve as self-correcting records for biodiversity at local, regional, and continental scales. 
The history of Arostrilepis horrida (Linstow, 1901) (=Taenia 
horrida Linstow, 1901 and Hymenolepis horrida (Linstow, 1901)) is 
long and convoluted. Over the past century, it was generally 
accepted that a single species of hymenolepidid tapewonn, with an 
unanned scolex lacking a vestigial rostellar apparatus, occurred in a 
geographically and taxonomically broad assemblage of rodents, 
particularly the Arvicolinae, across the Holarctic (e.g., Rausch, 1952, 
1957; Schiller, 1952; Voge, 1952; Spassky, 1954; Ryzhikov 
et aI., 1978; Fedorov, 1986). Specimens designated as A. horrida 
from voles and lemmings (species of Myodes Pallas, Microtus 
Schrank, Arvicola Lacepede, and Lemmus Link) were long 
considered to represent a classic, wide-spread species characterized 
by considerable morphological variation but without definable limits 
related either to geography or host association (Schiller, 1952). 
Further, this concept for A. horrida came to circumscribe many of 
the unanned cestodes reported as Hymenolepis Weinland, 1858 
among the Cricetidae, Dipodidae, Geomyidae, Gliridae, Hetero-
myidae, Muridae, Sciuridae, and Zapodidae across northern 
latitudes (reviewed in Makarikov et aI., 2011). Although the type 
for A. horrida was reported to have come from Rattus norvegicus 
(Berkenhout) among the Muridae, this host association has 
remained enigmatic and is likely incorrect (Linstow, 1901; Makari-
kov et al., 2011; Makarikov and Kontrimavichus, 2011). Conse-
quently, confusion over the identity, diagnostic characters, and host 
associations for the type, A. horrida (sensu stricto), has complicated 
the recognition of additional species in the genus (Kontrimavichus 
and Smirnova, 1991; Gulyaev and Chechulin, 1997; Makarikov, 
2008; Haukisa1mi et aI., 2009; Makarikov et aI., 2011). 
During the early 1980s and 1990s, a view of limited diversity 
among these hymenolepidids began to be questioned coincidental 
with the description of Hymenolepis beringiensis Kontrimavichus 
and Smirnova, 1991 in Lemmus sibiricus Kerr from Chukhotka 
and the establishment of Arostrilepis Mas-Coma and Tenora, 
1997 with the transfer of Hymenolepis horrida to this genus. 
Subsequently, Arostrilepis micro tis Gulyaev and Chechulin, 1997 
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was discovered in root voles, Microtus oeconomus Pallas other, 
species of Microtus and Arvicola terrestris Linnaeus from western 
Siberia and the Altai Mountains (Kontrimavichus and Smirnova, 
1991; Gulyaev and Chechulin, 1997; Mas Coma and Tenora, 
1997). In the past decade, the recognition of a diverse assemblage 
of largely cryptic or poorly differentiated species within Aros-
trilepis has been corroborated by both morphological and 
molecular characters (Asakawa et aI., 2002; Hoberg et aI., 2003; 
Cook et aI., 2005; Haukisalmi et aI., 2009, 2010; Makarikov and 
Kontrimavichus, 2011; Makarikov et aI., 2011). Clear limits and 
patterns of diversity are now apparent for 7 nominal taxa in this 
cryptic complex, although the number of species remaining to be 
discovered and characterized has yet to be completely defined 
(Makarikov and Kontrimavichus, 2011; Makarikov et aI., 2011). 
. Irrespective of prior assumptions about associations among 
rodent hosts, all species of Arostrilepis have been described based 
on specimens in cricetid (Arvicolinae) rodents. It is apparent that 
all records of Arostrilepis and A. horrida among rodents across the 
Holarctic require re-evaluation based on an examination of 
original specimens (Makarikov et aI., 2011). In the western 
Nearctic, tapewonns identified as A. horrida occasionally have 
been reported in additional hosts including Sciuridae (e.g., 
Tamiasciurus hudsonicus (Erxleben)), other cricetids (Neotominae, 
e.g., Peromyscus boylii Baird, Peromyscus californicus Gambell, 
Peromyscus truei Shufeldt), Heteromyidae (Perognathinae, e.g., 
Perognathus californicus Merriam (or Perognathus inornatus 
Merriam)), and Geomyidae (Thomomys bottae (Eydoux and 
Gervais), Thomomys bulbivorus (Richardson), Thomomys monti-
cola J. A. Allen, Thomomys talpoides (Richardson) and Thomomys 
umbrinus (Richardson)) (Schiller, 1952; Voge, 1952; Howard and 
Childs, 1959; Frandsen and Grundmann, 1961; Gardner, 1985). 
Preliminary studies of this fauna of cestodes in Alaska suggest that 
specimens in red squirrels, Tamiasciurus hudsonicus, are attribut-
able to a species of Arostrilepis that typically circulates in red-
backed voles, Myodes rutilus (pallas) from the taiga zone (K. G. 
Galbreath and E. P. Hoberg, pers. obs., and data not shown). In 
contrast, cestodes in cricetids, heteromyids, and geomyids appear 
to represent 2 independent and previously unrecognized species in 
their respective host groups and are the subject of the current series 
of descriptions; the larger assemblage of cestode species in 
arvicolines from Beringia and the Nearctic (Cook et aI., 2005) will 
be addressed in a subsequent analysis (A. A. Makarikov, K. E. 
Galbreath, E. P. Hoberg, in preparation). 
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FIGURE 1. Arostrilepis mariettavogeae n. sp. (A) Holotype, dorsoventral view of scolex; (B) paratype (37234), dorsoventral view of scolex; (C) 
holotype, male mature proglottids; (D) holotype, hermaphroditic mature proglottis. Scale bars: A, B = 200 ~m; C, D = 500 ~m. 
Based on the studies by Voge (1952), a single species of 
Arostrilepis occurs in Neotominae and Perognathinae, at least in 
the mountainous region of the central California coast. She 
considered specimens in species of Peromyscus Gloger and 
Perognathus Wied-Neuwied collected near Monterey and Santa 
Cruz, California to be consistent with H. horrida (later A. horrida) 
and discussed the degree of variation apparent in certain 
morphological characters. Schiller (1952) examined some of this 
cestode material in a comprehensive study of variation in H. 
horrida and concluded that a single species was broadly distributed 
across the Holarctic in a diverse array of rodent hosts. We have had 
the opportunity to examine 8 of the original specimens of H. 
horrida from Peromyscus cali/omicus collected on the Hastings 
Reservation near Monterey, California and deposited in the U.S. 
National Parasite Collection (USNPC) by Voge (1952) but not 
other individuals that she determined to be conspecific; these latter 
specimens were never deposited in any museum and are now 
presumed missing. We conclude that specimens from the Hastings 
Reservation represent an undescribed species in the A. horrida-
complex, which is described herein. 
Schiller (1952) concurrently provided a partial description of 
specimens attributed to H. horrida in the pocket gopher, T. bottae, 
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FIGURE 2. Arostrilepis mariettavogeae n. sp. (A) Holotype, cirrus; (B) egg (37234); (C) holotype, copulatory part of the vagina; (D) gravid proglottis 
(37234). Scale bars: A, B = 20 Iffil; C = 100 !Lm; D = 500 !Lm. 
from California; these specimens are also apparently missing. 
Additionally, specimens in other species of Thomomys Wied-
Neuwied from California and Utah were also not deposited in a 
museum repository as vouchers and are not available (Frandsen 
and Grundmann, 1961). Subsequently, Gardner (1985) recorded 
specimens apparently consistent with H. horrida in T. bulbivorus 
from the Willamette Valley, Oregon. Examination and compar-
isons of 3 specimens from the latter host, held in the Harold W. 
Manter Laboratory of Parasitology (HWML), revealed another 
undescribed species attributable to Arostrilepis. Collectively, 
specimens in either Neotominae or Geomyidae described herein 
represent the first species of Arostrilepis in hosts other than the 
Arvicolinae. 
MATERIALS AND METHODS 
Specimens of Arostrilepis described herein were derived from field 
collections and materials previously deposited either in the USNPC, 
Agricultural Research Service, USDA, Beltsville, Maryland or in the 
Harold W. Manter Laboratory of Parasitology (HWML), Nebraska State 
Museum, Lincoln, Nebraska. Voge (1952) outlined specific methods of 
fixation and staining for specimens originally designated as H. horrida in 
species of Peromyscus and Perognathus from the Hastings Reservation, 
Monterey, California; these included 8 specimens now under USNPC 
37233, 37234, 104733, and 104777. Gardner (1985) summarized methods 
of collection and specimen preparation for cestodes found in T. bulbivorus 
from the Willamette Valley, Oregon; these included 3 specimens with 
HWML collection numbers 48736, 49737, and 49738. 
Specimens were studied using standard light, and differential interference 
contrast, microscopy. In the respective descriptions, measurements are 
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TABLE 1. Primary morphometric data distinguishing species of Arostrilepis (measurements in micrometers except where otherwise stated). 
Characters Arostrilepis horrida* Arostrilepis macrocirrosa* Arostrilepis tenuicirrosa* Arostrilepis microtist 
Strobila: width 1.87-1.93 mm 0.9-1.7 mm 1.7-2.3 mm 3.0-3.65 mm 
Scolex: width 270-300 290-320 280-360 220-300 
Suckers: size 133-145 X 128-134 160-200 X 140-170 150-180 X 110-140 160-190 X 120-150 
Hermaphroditic mature 
proglottids: size 90-130 X 1840-1930 190-250 X 780-1160 210-270 X 1200-1700 150-270 X 1350-2000 
Testes: size 220-290 X 50-70 110-170 X 80-130 200-300 X 140-170 160-190 X 180-220 
Cirrus sac: size 240-270 X 30-40 195-230 X 35-45 175-225 X 35-45 220-250 X 45-55 
Cirrus: size 88-94 X 6-10 100-128 X 27-34 64-71 X 5-12 75-85 X 20-22 
Spines: size to 4.5 3.5-4 2-2.5 3-4 
Ovary: width 620-690 250-430 400-570 450-620 
Vitellarium: size 35-44 X 240-270 73-86 X 120-190 80-110 X 140-200 80-110 X 160-230 
Copulative part of vagina: size 100-140 X 12-20 72-83 X 6-10 100-110 
Seminal receptacle: size 250-370 X 37-55 120-190 X 55-78 175-290 X 35-50 550-840 X 60-85 
Egg: size 30 X 53 33-45 X 52-63 30-34 X 50-57 22-25 X 45-48 
Oncosphere: size lOx 13 17-20 X 25-32 14-17 X 18-22 7.5-8.5 X 14-15 
Embryophore: size 11 X 40 20-24 X 40-45 18-22 X 35~ 
"Measurements from Makarikov et al. (2011). 
tMeasurements from Gulyaev and Chechulin (1997). 
tMeasurements from Makarikov and Kontrimavichus (2011). 
given in micrometers except where otherwise stated; they are presented as 
the range followed by the mean and the number of the measurements (n) in 
parentheses. Mammalian taxonomy follows Musser and Carleton (2005). 
RESULTS 
DESCRIPTION 
Arostrilepis mariettavogeae n. sp. 
(Figs. 1,2) 
Diagnosis (based on 8 specimens): Fully developed strobila 
95-120 mm long, with maximum width at pregravid or gravid 
proglottids 1.1-1.3 mm. Strobila flat, consisting of 600-950 craspedote 
proglottids. Scolex slightly compressed dorso-ventrally, 300--380 (340, 
n = 4) wide, clearly wider than neck. Suckers unarmed, ovoid in 
surface view, relatively small, 140--175 X 110--125 (156 X 115, n = 6), 
with thick walls, prominent, usually does not reach lateral margins of 
scolex (Fig. lA, B). Rhynchus and rostellar apparatus absent. Neck 
relatively long and narrow, 210--290 (265, n = 4) wide. 
Two pairs of osmoregulatory canals, without transverse 
anastomoses. Dorsal osmoregulatory canals thin, 1-3 (2, n = 10) 
wide, situated predominantly in same sagittal plane as ventral 
canals. Ventral osmoregulatory canals 25-75 (48, n = 10) wide. 
Position of dorsal osmoregulatory canals not always constant; their 
loops may be situated laterally to ventral canals. Genital pores 
unilateral, dextral. Genital ducts may pass dorsally or between 
longitudinal osmoregulatory canals within same strobila; interseg-
mental variation without regularity (Fig. lC, D). Development of 
proglottids gradual, protandrous. Strobilar part containing juve-
nile proglottids without external Segmentation; proglottids become 
externally distinct at level of premature part of strobila. 
Mature proglottids 120--180 X 985-1,130 (141 X 1,080, n = 10), 
transversely elongate, trapeziform (Fig. 1C, D). Testes relatively 
large, usually 3 in number, almost of equal size, 175-246 X 120--165 
(209 X 136, n = 20), oval or pear-shaped, commonly situated in 1 
row or, rarely, testes form triangle; poral testis separated from 2 
antiporal testes by female gonads. Arrangement of testes may vary. 
Cirrus sac relatively short, 120--145 X 3{}-40 (133 X 34, n = 25), with 
well-developed external muscular layers. Antiporal part of cirrus sac 
commonly does not reach ventral longitudinal canal (Figs. 10, 2C). 
Genital atrium simple, infundibular, deep, opens laterally about 
middle or slightly anterior of lateral proglottis margin. Cirrus small, 
3{}-42 X 5-10 (35 X 7, n = 20), conical, armed along its entire length 
with relatively small (up to 1.5-1.8 long), needle-shaped spines 
(Fig. 2A). Internal seminal vesicle with circular musculature, ovoid, 
55-73 X 20--30 (63 X 25, n = 15), shorter than half of cirrus sac 
length (Figs. 10, 2C). External seminal vesicle transversely elongate, 
180--220 X 47-78 (198 X 66, n = 10), clearly outlined from vas 
deferens, distinctly larger than seminal receptacle. 
Ovary relatively small, 215-390 (275, n = 25) wide, median, fan-
shaped, irregularly lobed, ventral to male genital organs, occupies 
less than half of median field of proglottid, overlapping testes 
(Fig. 10). Vitellarium 40--72 X 120--166 (58 X 139, n = 15), 
postovarian, median, scarcely lobed. Vagina tubular, not clearly 
distinct from seminal receptacle; ventral to cirrus sac. Copulatory 
part of vagina 62-90 X 6-18 (76 X 10, n = 15), thick-walled, covered 
externally by dense layer of small, intensely stained cells; poral part 
of vagina infundibular (Fig. 2C). Conductive part of vagina 80--120 
X 9-31 (106 X 22, n = 10), thin-walled, vastly varying in diameter 
depending on degree of fIlling with sperm. Seminal receptacle 
relatively small, transversely elongate; in hermaphroditic mature 
proglottids commonly tubular, 105-195 X 18-33 (153 X 23, n = 10). 
Uterus appears as a complex of fine-walled anastomosing tubes of 
varying length and diameter, positioned ventrally to other organs. 
With development of proglottids, tubular structures increase in 
width and uterus becomes labyrinthine. Uterus may pass dorsally or 
between longitudinal osmoregulatory canals within same strobila; 
intersegmental variation without regularity. Testes, cirrus sac, and 
vagina persist in gravid proglottids. Gravid proglottids transversely 
elongate, 200--312 X 730--1,180 (259 X 935, n = 10). Fully developed 
uterus labyrinthine, occupying entire median field and extending 
bilaterally beyond longitudinal osmoregulatory canals (Fig. 20). 
Uterus with numerous (up to 1,300) small eggs. Eggs 23-27 X 33-38, 
elliptical, with thin outer coat (up to 0.7); oncosphere 9-12 X 12-15 
(Fig.2B). Embryophore fusiform, 10--14 X 23-27, with straight 
polar processes. Embryonic hooks small, 7.2-8.2 long. 
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TABLE 1. Extended. 
Arostrilepis beringiensis+ Arostrilepis janickiit Arostrilepis intermediat Arostrilepis mariettavogeae n. sp. Arostrilepis schilleri n. sp. 
1.4-1.6 mm 1.0-2.0 mm 1.35-1.8 mm 1.1-1.3 mm 0.9-0.98 mm 
230-320 190-240 290-320 300-380 230-250 
170-270 x 120-160 110-175 x 85-120 200-250 x 130-150 140-175 x 110-125 140-176 x 115-140 
200-280 x 750-1200 90-200 x 670-1150 170-200 x 950-1200 120-180 x 985-1130 110-200 x 440-800 
100-185 x 80-142 95-175 x 50-115 145-210 x 70-140 175-246 x 120-165 110-183 x 70-112 
95-140 x 25-36 140-177 x 31--42 180-210 x 28--40 120-145 x 30--40 95-123 x 22-31 
33--44 x 10-12 60-82 x 13-17 80-98 x 14-20 30--42 x 5-10 61-74 x 17-21 
2.2-2.7 3.5--4.3 3.5--4 1.5-1.8 3.4-3.7 
280-380 230--415 300--460 215-390 210-310 
60-100 x 130-180 45-80 x 95-185 65-88 x 130-200 40-72 x 120-166 45-70 x 80-125 
55-84 x 7-22 65-85 x 9-22 84-110 x 12-21 62-90 x 6-18 61-77 x 10-15 
100-180 x 30--40 87-162 x 47-70 110-175 x 35-65 105-195 x 18-33 75-105 x 25--42 
30-36 x 48-56 27-36 x 43-52 36--42 x 60-65 23-27 x 33-38 24-31 x 40--48 
8-10 x 13-15 10-11 x 14-15 15-20 x 20-25 9-12 x 12-15 9-13 x 10-15 
10-14 x 31-36 11-15 x 34--40 18-22 x 42--45 10-14 x 23-27 12-16 x 23-31 
Taxonomic summary 
Type host: Peromyscus californicus (Gambel, 1848) (Rodentia: 
Cricetidae: Neotominae). 
Other potential hosts: Based on Voge (1952), con specific 
tapeworms were reported in Peromyscus truei (Shufeldt, 1885), 
Peromyscus boylii (Baird, 1855), and P. inornatus Merriam, 1889 
(originally reported as Perognathus californicus Merriam; Hetero-
myidae: Perognathinae) at type locality. 
Type locality: Hastings Reservation, Monterey County, Cali-
fornia; ca. 36°12'30/lN, 121°33'30/IW. Collected by M. Voge 
between 5 March and IS June 1945. 
Other localities: Based on Voge (1952), Swanton, Santa Cruz 
County, California; ca. 37°03'05/1N, 122°13'35/1W, in P. californicus. 
Type material: Holotype USNPC 104733 ex P. californicus 
(male host, field number SV-540). Paratypes, include 5 specimens 
under USNPC 37234 ex P. californicus (SV-540). Vouchers 
include 2 specimens, USNPC 104777 in type host from type 
locality (SV-540) and USNPC 37233 in P. californicus (female 
host, field number SV-109) from type locality. All specimens are 
deposited in the U.S. National Parasite Collection, Beltsville, 
Maryland. 
Etymology: Arostrilepis mariettavogeae n. sp. is named in honor 
of Dr. Marietta Voge for seminal morphological studies among 
the unarmed hymenolepidids of rodents. 
Remarks 
Arostrilepis mariettavogeae n. sp. is distinguished from 7 
recognized congeners based on an exceptionally small conical 
cirrus armed with miniscule, needle-shaped spines. In specimens 
of A. microtis and Arostrilepis tenuicirrosa Makarikov, Gulyaev 
and Kontrimavichus, 2011, the cirrus is conical basally but 
terminates distally in a narrow cylindrical extension; in Aros-
trilepis macrocirrosa Makarikov, Gulyaev and Kontrimavichus, 
20 11, the cirrus is conical and massive. In contrast, the cirrus in all 
other species, Arostrilepis beringiensis, Arostrilepis intermedia 
Makarikov and Kontrimavichus, 2011, and Arostrilepis janickii 
Makarikov and Kontrimavichus, 2011 is cylindrical throughout. 
The form of the cirrus in A. horrida was unknown until recently 
(Makarikov et a!., 2011). In specimens of A. horrida the cirrus is 
cylindrical, substantially longer than that in A. mariettavogeae, 
and is armed with relatively large rosethorn-shaped spines. As has 
been established, the cirrus and its spination are diagnostic among 
all recognized species of Arostrilepis (Makarikov and Kontrima-
vichus, 2011; Makarikov et a!., 2011). 
Additional characters, based on comparisons of strobila and 
segments in similar stages of development, also contribute in 
distinguishing among the species. Although there is variation in 
the structure of the unarmed holdfast among these species, in A. 
mariettavogeae the suckers usually do not reach the lateral 
margins of scolex. In hermaphroditic mature proglottids, the 
antiporal part of the cirrus sac commonly does not reach the 
ventral longitudinal canal and the tubular seminal receptacle is 
smaller than the external seminal vesicle. The cirrus sac in 
specimens of A. mariettavogeae is shorter than that in all other 
species of Arostrilepis except A. beringiensis (see Table I). Gravid 
proglottids are transversely elongate and the polar processes of 
the embryophore are straight. 
Further comparisons serve to highlight the distinct nature of A. 
mariettavogeae among the 7 species. Specimens of A. mariettavo-
geae are distinguished from A. horrida, A. tenuicirrosa, A. 
intermedia, and A. macrocirrosa as the testes are situated in 1 row; 
in the latter species, the testes are arranged in a triangle. The scolex 
and the testes are large relative to those in A. janickii (see Table I). 
The ovary is smaller relative to those in A. horrida, A. microtis, and 
A. tenuicirrosa (see Table I). The seminal receptacle is smaller than 
in A. horrida and A. micro tis. The eggs are smaller than in A. 
horrida, A. macrocirrosa, A. tenuicirrosa, A. beringiensis, A. 
intermedia, and A. janickii. 
Arostrilepis schilleri n. sp. 
(Figs. 3, 4) 
Diagnosis (based on 3 specimens): Fully developed strobila, 
67 mm long, with maximum width at pregravid or gravid 
proglottids, 0.9-0.98 mm. Strobila flat, consisting of about 560 
craspedote proglottids. Scolex slightly compressed dorso-ventral-
Iy, 230-250 (240, n = 2) wide, clearly wider than neck. Suckers 
unarmed, ovoid in surface view, 140-176 X 115-140 (160 X 130, n 
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FIGURE 3. Arostrilepis schilleri n. sp. (A) Paratype (49738), sublateral view of scolex; (8) paratype (49737), sublateral view of scolex; (C) holotype, 
male mature proglottids; (D) holotype, hermaphroditic mature proglottis. Scale bars: A, 8 = 200 ~m; C, D = 250 ~m. 
= 7), prominent, with thick walls (Fig, 3A, B). Rhynchus and 
rostellar apparatus absent. Neck relatively long and narrow, 105-
120 (115, n = 5) wide, 
Two pairs of osmoregulatory canals, without transverse 
anastomoses. Dorsal osmoregulatory canals thin, 1-3 (1.8, n = 7) 
wide, situated predominantly in same sagittal plane as ventral 
canals. Ventral osmoregulatory canals 28-67 (45, n = 7) wide. 
Position of dorsal osmoregulatory canals not always constant; their 
loops may be situated laterally to ventral canals. Genital pores 
unilateral, dextral. Genital ducts may pass dorsally or between 
MAKARIKOV ET AL.-AROSTRILEPIS TAPEWORMS IN NEARCTIC RODENTS 623 
B 
c 
FIGURE 4. Arostrilepis schilleri n. sp. (A) Paratype (49737), cirrus; (B) holotype, egg; (C) holotype, copulatory part of the vagina; (D) holotype, gravid 
proglottis. Scale bars: A, B = 20 flm; C = 100 flm; D = 250 flm. 
longitudinal osmoregulatory canals within same strobila; interseg-
mental variation without regularity (Fig. 3C). Development of 
proglottids gradual, protandrous. Strobilar part containing juve-
nile proglottids without external segmentation; proglottids become 
externally distinct at level of premature part of strobila. 
Mature proglottids 110-200 X 440-800 (157 X 643, n = 14), 
transversely elongate, trapeziform (Fig. 3C, D). Testes relatively 
large, usually 3 in number, almost of equal size, 110-183 X 70-
112 (145 X 87, n = 21), pear-shaped or oval, commonly situated 
in triangle; poral testis separated from 2 antiporal testes by female 
gonads. Arrangement of testes may vary. Cirrus sac relatively 
short, 95-123 X 22-31 (109 X 25, n = 17), with well-developed 
external muscular layers. Antiporal part of cirrus sac reaching 
ventral longitudinal canal, rarely overlapping or slightly crossing 
it (Figs. 3D, 4C). Genital atrium simple, cup-shaped, deep, opens 
laterally about middle of lateral proglottid margin. Cirrus small, 
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61-74 X 17-21 (67 X 18, n = 16), cylindrical, armed along its 
entire length (up to 3.4-3.7 long) with rosethorn-shaped spines 
(Fig. 4A). Internal seminal vesicle with circular musculature, 
ovoid, 43-57 X 17-26 (49 X 20, n = 7), shorter than half of cirrus 
sac length (Figs. 3D, 4C). External seminal vesicle transversely 
elongate, 90-190 X 45-85 (137 X 61, n = 8), clearly outlined from 
vas deferens, distinctly larger than seminal receptacle. 
Ovary 210--310 (251, n = 13) wide, median, fan-shaped, 
irregularly lobed, ventral to male genital organs, occupying 
substantial part of median field, overlapping testes (Fig. 3D). 
Vitellarium 45-70 X 80--125 (61 X 110, n = 12), post ovarian, 
median, scarcely lobed. Vagina tubular, clearly distinct from 
seminal receptacle; ventral to cirrus sac. Copulatory part of vagina 
61-77 X 10-15 (69 X 12, n = 8), thick-walled, covered externally by 
dense layer of small intensely stained cells; poral part of vagina 
infundibular (Fig. 4C). Conductive part of vagina 85-117 X 8-20 
(98X 8-13), thin-walled, vastly varying in diameter depending on 
degree of filling with sperm. Seminal receptacle relatively small, 
transversely elongate, 75-105 X 25-42 (88 X 30, n = 8). 
Uterus appears as a complex of fine-walled anastomosing tubes 
of varying length and diameter, positioned ventrally to other 
organs. With development of proglottids, tubular structures 
increase in width and uterus becomes labyrinthine. Testes, cirrus 
sac, and vagina remain in fully gravid proglottids. Gravid 
proglottids transversely elongate, 230-295 X 870-980 (258 X 
938, n = 5). Fully developed uterus labyrinthine, occupying entire 
median field and extending bilaterally beyond longitudinal 
osmoregulatory canals (Fig. 4D). Uterus with numerous (up to 
800) small eggs. Eggs 24-31 X 40-48, elliptical, with thin outer 
coat (up to 0.6); oncosphere 9-13 X 10-15 (Fig. 4B). Embryo-
phore fusiform, 12-16 X 23-31, with straight polar processes. 
Embryonic hooks small, 7.7-9 long. 
Taxonomic summary 
Type host: Thomomys bulbivorus (Richardson) (Rodentia: 
Geomyidae). 
Symbiotype: Museum of Southwestern Biology, Mammal 
Collection No. 89020 (field collection SLG-8-81), skull only. 
Type locality: Adjacent to Corvallis, Oregon, in the middle 
Willamette Valley; ca. 123°16'36"N, 44°32'54"W; collected by 
S. L. Gardner on 8 September 1981. 
Type material: Holotype, single slide, Harold W. Manter 
Laboratory (HWML 48736) in type host and locality (Field 
Collection No. SLG-8-81 [62] Slide A 49). Paratypes, 2 specimens 
on separate slides from type host and locality, HWML 49737 
(SLG-8-81 [62] Slide A21) and HWML 49738 (SLG-8-81 [62] 
Slide A 22). All the type materials are deposited in the HWML at 
the University of Nebraska, Lincoln, Nebraska. 
Etymology: Arostrilepis schilleri n. sp. is established in honor of 
Dr. Everett L. Schiller in recognition of critical studies on 
hymenolepidid cestodes of rodents. 
Remarks 
Arostrilepis schilleri n. sp. is distinguished from A. horrida, A. 
microtis, A. beringiensis, A. macrocirrosa, A. tenuicirrosa, A. 
intermedia, A. janickii, and A. mariettavogeae by the length and 
shape of the cirrus. In specimens of A. schilleri, the cirrus is longer 
relative to those in A. beringiensis and A. mariettavogeae but smaller 
in comparison to A. horrida, A. micro tis, A. macrocirrosa, and A. 
intermedia (see Table I). The cirrus is armed with relatively large, 
rosethorn-shaped spines and has a cylindrical form; these features 
distinguish A. schilleri from A. macrocirrosa (massive conical cirrus), 
A. microtis (cirrus with wide conical basal region and a cylindrical 
distal region), A. tenuicirrosa (cirrus is armed with relatively small, 
needle-shaped spines and has conical basal region and a very narrow 
cylindrical distal region), and A. mariettavogeae (minute conical 
cirrus is armed with miniscule, needle-shaped spines). In A. schilleri, 
the form and the length of the cirrus is similar to A. janickii but, in 
the former species, the width is considerably greater. Specimens of A. 
schilleri are further distinguished from congeners based on the 
exceptionally short cirrus sac, which also attains but rarely overlaps 
the ventral longitudinal excretory canal. The strobila is narrower 
relative to those in A. horrida, A. tenuicirrosa, A. micro tis, A. 
beringiensis, and A. intermedia. The ovary is smaller than in A. 
horrida, A. tenuicirrosa, and A. microtis. The embryophore is smaller 
relative to those in A. horrida, A. macrocirrosa, A. tenuicirrosa, and 
A. janickii (see Table I). Arostrilepis schilleri is also distinguished 
from A. janickii and A. beringiensis as its testes are arranged in a 
triangle; in the 2 latter species, the testes form a flat angle or are 
situated in I row. Similarly, the testes form I row in A. microtis and 
A. mariettavogeae. Furthermore, the gravid proglottids are trans-
versely elongate, external seminal vesicle distinctly larger than 
seminal receptacle, and the polar processes of the embryophore are 
straight in A. schilleri. 
DISCUSSION 
The current study provides additional confirmation of a large 
complex of previously unrecognized species in the genus 
Arostrilepis. The limits for this assemblage of species remain to 
be defined. We describe A. mariettavogeae n. sp. based on 
specimens of hymenolepidids in rodents (Cricetidae [Neotominae] 
and Heteromyidae [Perognathinae]) originally collected and 
examined by Voge (1952) from 2 localities along the central 
California coast. Further, we describe A. schilleri n. sp. for 
specimens in Geomyidae from the central Willamette Valley of 
Oregon (Gardner, 1985). Species of Arostrilepis have not 
previously been described in rodents other than those among 
the Arvicolinae or from localities in the Nearctic. 
Specimens of A. mariettavogeae (parasites designated as H. 
horrida by Voge [1952]) were most commonly found infecting 
Peromyscus cali/ornicus; maximum intensity reported was 122 
cestodes in a female host collected at the type locality on 21 March 
1945. Other species of Peromyscus at the Hastings Reservation 
harbored fewer parasites (A. mariettavogeae was not found in P. 
maniculatus [Wagner]) and only I of 40 P. inornatus, a heteromyid 
rodent in the Perognathinae, was infected. Specimens identified as 
A. mariettavogeae were also reported by Voge (1952) in P. 
cali/ornicus at another locality from the foothills adjacent to the 
Pacific coast. These observations suggest that deer mice, members 
of the Neotominae, are typical hosts for this species of Arostrilepis, 
although detailed and comprehensive surveys among sympatric 
arvicolines have not been conducted across California. 
Voge (1952) concluded that a single species was present in 
circulation among these rodent hosts along the central coastal 
region of California. Con specificity of the Arostrilepis in this 
sympatric assemblage, involving 3 species of Peromyscus and a 
single Perognathus, cannot be immediately assumed. The detailed 
descriptions developed by Voge (1952) do not provide a basis for 
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definitive determination about the status of these populations of 
cestodes; numerous specimens from other than P. californicus were 
not retained in museum collections. Current evidence does not 
either refute, or corroborate, the occurrence of a single species in 
Neotominae and Perognathinae. For example, in species of Myodes 
from some localities across the Holarctic, there may be 5 species of 
sympatric Arostrilepis, and multiple species infections are known to 
occur in some hosts (Haukisalmi et aI., 2009; A. Makarikov, 
unpubI. obs.). New collections in central California, and more 
broadly across the boreal zone of North America, accompanied by 
integrated morphological and molecular sampling are necessary to 
completely understand the diversity of these cestodes. 
Although Geomyidae and species of Thomomys have been 
reported as hosts for A. horrida, none of these records, beyond 
Oregon, can be substantiated (Schiller, 1952; Voge, 1952; Howard 
and Childs, 1959; Frandsen and Grundmann, 1961). Further, 
conspecificity of cestodes in Thomomys spp. cannot now be 
determined based on the partial descriptions provided by Schiller 
(1952); spination of the cirrus may be similar to that described in 
A. schilleri, but specific details of the arrangement and relative 
dimensions of the testes and other genital organs are insufficient 
to unequivocally establish identity for cestodes in T. bulbivorus 
and T. bottae. The distribution of Arostrilepis specimens in 
Thomomys suggests the occurrence of a widespread species in 
these hosts or, alternatively, a geographically broad series of 
discrete and isolated species in western North America. 
Nearly all recognized and described species of Arostrilepis (7 of 
9) have been found in rodents of the Arvicolinae across the 
Holarctic (e.g., Makarikov, 2008; Makarikov and Kontrimavi-
chus, 2011; Makarikov et aI., 2011). Preliminary phylogenetic 
assessments of this fauna suggest an extended association with 
Arvicolinae, first in Eurasia and secondarily in the Nearctic, 
established by biotic expansion from east to west across Beringia 
during the Pliocene and Pleistocene (e.g., Cook et aI., 2005; K. E. 
Galbreath and E. P. Hoberg, unpubI. obs.). This may be 
consistent with origins of A. mariettavogeae and A. schilleri in 
their respective hosts linked to colonization from arvicolines and 
diversification in the Nearctic; an attendant assumption is that 
both species have been found in their typical hosts. Such a 
hypothesis can be evaluated by making new field-collections, 
followed by subsequent phylogenetic analysis, that will enable 
researchers to explore the extent of host and geographic 
associations in the Nearctic. Interestingly, Geomyidae are an 
endemic group of rodents in the Nearctic, with a fossil history 
extending from at least early Miocene time and coinciding with a 
broad transcontinental distribution (Kurten and Anderson, 1980). 
If the age of association of these cestodes with geomyids is 
considerable, we might also predict that the fauna has diversified 
through regional, to local, isolation across the Nearctic, perhaps 
in a similar manner as exemplified by the helminth faunas of 
pikas, i.e., species of Ochotona Link, Lagomorpha (Durette-
Desset et aI., 2010; Galbreath and Hoberg, 2012). In parallel to 
the history proposed for Arostrilepis in geomyids, host coloniza-
tion from arvicolines to pocket gophers was postulated as the 
mechanism to account for the diversity and distribution of some 
species of Microcephaloides Haukisalmi, Hardman, Hardman, 
Rausch and Hentonnen, 2008 and Anoplocephaloides Baer, 1927 
in the Nearctic (Haukisalmi et aI., 2008). 
All records for non-arvicoline hosts require confirmation based 
on examination of original specimens. The process is complicated 
by the fact that few, if any, specimens have been retained in 
museum repositories. Thus, we suggest that the records, particu-
larly of A. horrida in such families as Cricetidae (non-arvicolines), 
Dipodidae, Geomyidae, Gliridae, Heteromyidae, Muridae, Sciur-
idae, and Zapodidae could represent: (1) misidentifications of other 
hymenolepidids; (2) misidentifications of other Arostrilepis species; 
or (3) less often, potentially undescribed species. That we have 
discovered previously unrecognized species of Arostrilepis in 
Geomyidae, Heteromyidae, and non-arvicoline Cricetidae suggests 
that the possibility of broader diversity beyond arvicoline hosts 
cannot be disregarded. A review of specimens and records where 
available, however, has supported the view of Arvicolinae as 
primary hosts for species of Arostrilepis (Makarikov, 2008; 
Makarikov and Kontrimavichus, 2011; Makarikov et aI., 2011). 
Erroneous records for the patterns and distribution of diversity 
confound our understanding of the biosphere (e.g., Brooks and 
Hoberg, 2006). Museum collections and archives are at the 
foundations for understanding biotic structure, and specimens 
represent the self-correcting records for biodiversity that defme the 
distribution of species and associations within landscapes, ecosys-
tems, and communities. Self-correcting records of biodiversity are 
only effective when specimens and information are archived, thus 
making them available and amenable to review and application of 
new approaches to explore diversity (Hoberg, 2002; Cook et aI., 
2005; Hoberg et al., 2009). Although we carmot correct prior 
practices related to deposition of specimens, future researchers 
involved in survey and inventory, or in ecological and biogeograph-
ic-phylogeographic investigations should be not only encouraged, 
but required, to archive specimens as an adequate representation of 
faunal diversity at local, regional, and continental scales. 
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DESCRIPTION OF A NEW CAPILLARIINAE (NEMATODA: TRICHURIDAE) FROM 
SCAPTEROMYS AQUATICUS (CRICETIDAE: SIGMODONTINAE) FROM BUENOS 
AIRES, ARGENTINA 
Marfa del Rosario Robles, Odile Bain*, and Graciela Teresa Navone 
Centro de Estudios Parasitol6gicos y de Vectores CEPAVE (CCT- CONICET- La Plata) (UNLP), Calle 2 # 584, La Plata (1900), Buenos Aires, 
Argentina. e-mail: rosario@cepave.edu.ar 
ABSTRACT: A new species of Capillaria is described on the basis of specimens recovered from the intestine of the swamp rat 
Scapteromys aquaticus (Cricetidae: Sigmodontinae) from Argentina. Capillaria alainchabaudi n. sp. and a peculiar species from 
Australian marsupials are the only 2 species of Capillaria sensu stricto parasitic in mammals. A comparison with the Australian species 
and with the 18 species of this genus described from other vertebrates from the Western Hemisphere is given, The separation of the new 
species is based on morphologic and morphometrical features, such as intestine ending in cloaca beside ejaculatory duct, 2 lateral 
nonmembranous caudal lobes, 2 pairs of caudal non-pedunculated papillae, terminal part of cylindrical cirrus ornamented with thin 
and thick spines, spicule with apex not well sclerotized in the males, a conspicuous vulvar appendage in the females, and 2 bacillary 
bands. A survey of the literature revealed that the species of Capillariinae from rodents belong to 9 genera, and the total number of 
species is low compared to the high diversity and abundance of the hosts, particularly if the modern Muroidea are considered. 
The Capillariinae Railliet, 1915, represents a large group of 
trichinelloid nematodes, including about 350 taxa, which parasitize 
diverse body organs of all classes of vertebrates (Skrjabin et aI., 
1957; Anderson and Bain, 1982, 2009; Baker, 1987). The classi-
fication of the capillariids is one of the most complex and un-
satisfactory among nematode parasites due to the paucity of good 
morphological characteristics (Spratt, 2006), Different systematic 
proposals based on several morphological criteria have been given 
over time (e.g., Travassos, 1915; Lopez-Neyra, 1947; Skrjabin 
et aI., 1954, 1957) until Moravec (1982) subsequently proposed a 
classification system in which he redefined 12 genera, resurrected 2 
genera, created 2 new genera and 5 subgenera, and provided a list 
of species in each genus. He considered the following morpholog-
ical characters to be the most significant: caudal alae, bursa, 
lobular projections, spicule, and cirrus (spicular sheath) in the 
male, and presence or absence of a vulvar appendage, egg shape, 
and ornamentation in the female, 
Although Moravec (1982) proposed this system only as a 
foundation for further study, it has been supported by cladistic and 
phylogenetic analyses (Barus and Libosvarsky, 1984; Lomakin and 
Romashov, 1987), supplemented by some authors (Mas-Coma and 
Esteban, 1985; Baros and Sergeeva, 1990; Moravec and Spratt, 
1998; Moravec, 2001) and used by many others (Pisanu and Bain, 
1999; Anderson, 2000; Spratt, 2006; Robles et aI., 2008). Since 
1982, several new genera and subgenera have been proposed, some 
synonymized (see Gibbons, 2010), and, at present, 23 generic and 
11 subgeneric taxa are recognized in the Capillariinae (Moravec, 
2001; Gibbons, 2010). 
Capillariids from mammals remain poorly studied compared to 
those from cold-blooded vertebrates (Moravec, 1982,2000,2001). 
The taxonomy of mammalian capillariids is still difficult, al-
though descriptions and revisions have been provided by several 
authors (Freitas and Lent, 1936; Read, 1949; Butterworth and 
Beverly-Burton, 1980; Bain and Wertheim, 1981; Moravec, 1982; 
Justine' et aI., 1987; Justine, 1989a, 1989b, 1990; Pisanu and Bain, 
1999; Moravec, 2000). Rodentia represent the most diverse order 
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of mammals in the world (Wilson and Reeder, 2005). However, only 
27 capillariine species have been recorded, 4 of which were reported 
from sigmodontinae rodents (Cricetidae-Muroidea), i.e., Calodium 
hepaticum (Bancroft, 1893), Eucoleus gastricus (Baylis, 1926), and 
Aonchotheca Jorresteri (Kinsella et Pence, 1987) from North 
America, and Liniscus diazae Robles, Carballo, and Navone, 2008 
from South America (Freitas and Lent, 1936; Lopez-Neyra, 1947; 
Read, 1949; Rausch and Rausch, 1973; Moravec, 1982, 2000; 
Kinsella and Pence, 1987; Robles et aI., 2008). 
In the present study, we describe specimens recovered in Buenos 
Aires, Argentina, from the swamp rat Scapteromys aquaticus 
Thomas, 1920. This sigmodontine cricetid rodent is distributed 
through part of the Rio de la Plata basin and some adjacent areas in 
east-central Argentina and eastern Paraguay (D'Elia and Pardifias, 
2004,2008; Pardifias et aI., 2008). Seven species of nematodes have 
already been found in this host, among them a trichurid, but no 
capillariine (Sutton et aI., 1980; Suriano and Navone, 1994; Digiani 
et aI., 2003; Navone et aI., 2009). 
MATERIAL AND METHODS 
During a study on the biology and systematics of rodents, 38 specimens 
trapped from Los Talas (34°56'S, 57°44'W, Partido de Berisso), Buenos 
Aires, Argentina, were necropsied. 
The viscera were fixed in 10% formalin and examined in the laboratory. 
Capillariid specimens were collected from the small intestine, preserved 
in 70% ethanol, cleared in lactophenol, studied using a compound 
microscope, and illustrated using a camera lucida. 
Morphological analysis was performed according to the method 
proposed by Bain and Wertheim (1981) and followed by Justine in a 
series of communications (Justine et aI., 1987; Justine, 1989a, 1989b, 1990; 
Justine and Roguin, 1990), Pisani! and Bain (1999), and Spratt (2006). In 
this method, great attention is given to the posterior internal anatomy of 
the male, i.e., the end of intestine (which may be in the cloaca or in the 
ejaculatory duct), seminal vesicle, ejaculatory duct, cloaca, and level of 
entrance of spicule into the cloaca. Anterior and posterior cloacae are the 
part anterior or posterior to the entrance of the spicule, respectively 
(Spratt, 2006). The cuticular lining of the cloaca is called a cirrus by 
Rauther (1909) instead of a spicular sheath, because it is also present in the 
anterior part of the cloaca and because this structure is capable of being 
inserted with the spicule into the vagina during copulation and 
undoubtedly serves as a true penis (Chitwood and Chitwood, 1950). 
Measurements of the holotype male and the allotype female are given, 
followed by the range of the paratypes in parentheses. All measurements 
are in micrometers unless otherwise stated. 
Some specimens were dehydrated in ethanol series (75%, 80%, 85%, 
90%, 96%, 100%), dried using the critical point method, examined with 
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FIGURES 1-11. Capillaria alainchabaudi n. sp. Male. (1) Anterior region before the first stichocytes. (2) A stichocyte, at midlength of esophagus. 
(3) Last stichocyte, esophageal-intestinal junction, pseudocoelomocyte, anterior bend of testis, lateral view (bacillary band drawn at level of esophagus). 
(4) End of seminal vesicle, ejaculatory duct, intestine, and beginning of cloaca. (5) Junction of intestine and ejaculatory duct with cloaca (1,650 from tail 
extremity). (6) Entry of spicule in cloaca. (7) Cloaca and retractor muscle of spicule (1,050 from tail extremity). (8) Caudal region, terminal part of cloaca 
and extruded cirrus, ventral view (2 ventral papillae on lateral cushions). (9) Same orientation, optical sagittal view of cloaca and cirrus. (10) Tail 
extremity, lateral superficial view of a cushion with a ventral and a dorsal papilla (bacillary band drawn in upper part). (11) Distal extremity, 
ventrolateral superficial view of 2 cushions with ventral papillae. 
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FIGURES 12-18. Capillaria alainchabaudi n. sp. Female. (12) Anterior region before the first stichocytes. (13) A stichocyte at midlength of esophagus. 
(14) Esophageal-intestinal junction with posterior part of last stichocyte, 2 pseudocoelomocytes and vulvar protuberance, ventral view. (15) Same region 
in left lateral view, showing a bacillary band, the vagina, and beginning of uterus (intestine not represented). (16) Posterior region, right lateral view, with 
bacillary band, sinuous rectum, ovary bend. (17) Same region, subventral view. (18) An egg, near vulva. 
the aid of a scanning electron microscope (Jeol 6360 LVLV, Tokyo, 
Japan), and photographed. 
Specimens of nematodes were deposited in the Helminthological 
Collection of the Museo de La Plata (MLP), La Plata, Buenos Aires, 
and the Museum National d'Histoire Naturelle, Paris (MNHN), and hosts 
were deposited in the Mastozoological Collections of Museo de La Plata 
(MLP) La Plata, Buenos Aires, Argentina. 
DESCRIPTION 
Capillaria a/ainchabaudi n. sp. 
(Figs. 1-28) 
General: Oral aperture terminal, slit-like oriented dorsoventrally, with 2 
relatively large and flat papillae on each side (Fig. 19). Stichosome with 
single row of stichocytes; except at extremities, elongated stichocytes with 
granular cytoplasm, large nuclei containing several nucleoli, and 12-17 
transverse muscle fibers per stichocyte. At junction with intestine, 2 
pseudo-coelomocytes not well observed. Two identical lateral bacillary 
bands extending along body, narrow at their extremity, widest at midbody 
(Fig. 28). Bacillary glands conspicuous; pores opened, or not opened. 
Presence of bacillary bands does not alter continuity of transverse 
striations in lateral plane (Fig. 26). 
Male: Body 8.7 (6.7-8.7) mm long, 25 (20-35) wide at esophagus-
intestine level; nerve ring observed with difficulty (70-85). Muscular 
esophagus 460 (210-400) (Fig. 1); entire esophagus 2.9 (2.76,3.1,3.3; n = 
3) mm. Single row of 21-28 stichocytes; first stichocyte 30-32 long, 3 
terminal stichocytes 55 to 50 long, other stichocytes 130-150 long (Figs. 2, 
3). Intestine normally developed, ending in cloaca beside ejaculatory duct 
(Figs. 4, 5; scheme Fig. 27). Ejaculatory duct 520 (470, 500; n = 2) long. 
Cloaca 1,650 (1,500; n = 1) long. Anterior cloaca 1,050 long and 10 wide 
with thick muscle layer and thin lumen. Expanded posterior to entrance of 
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FIGURES 19-26, Scanning electron micrographs of Capillaria alainchabaudi. Male, (19) Anterior end with 2 lateral visible papillae. (20) Tail extremity, 
ventrolateral view of 2 cushions. (21) Tail extremity, ventral view of 2 cushions with a ventral papilla (VI = ventral left, Vr = ventral right) , (22) Tail 
extremity, left ventrolateral view of 2 cushions with ventral papillae and with the position of dorsal papilla indicated (DI = dorsal left). (23) Tail 
extremity, lateral left view of a cushion with dorsal left papillae, and with the position of ventral left and ventral right papillae indicated. (24a) Detail of 
dorsal left papilla in lateral view, plane more ventral. (24b) Detail of dorsal left papilla in lateral view, plane more terminal. Female. (25) Vulvar region, 
tubular appendage in lateral view, showing a bacillary band. (26) Lateral bacillary bands and details of bacillary glands and transverse striations. 
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FIGURES 27, 28. Diagrammatic representation of Capillaria alaincha-
baudi. Male. (27) Cloacal region and spicule (Int = intestine, Ed = 
ejaculatory duct, Mus = muscle, CI ant = anterior cloaca, CI post = 
posterior cloaca, Cr = cirrus, Sp = spicule). (28) Transverse section at 
midbody level showing the bacillary bands. 
spicule. Posterior cloaca with terminal portion transparent, widened, then 
attenuated, 150 long. Cirrus (internal cuticular lining) not transversally 
pleated, but forming a few longitudinal crests; terminal part ornamented 
with thin and thick spines directed backward with no apparent plane of 
distribution; spines distant from each other, particularly at posterior end 
(Figs. 8, 9). Retracting muscle of spicule as wide as cloaca, attached to 
body wall at level of cloaca apex (Fig. 7). Spicule apex not identified; both 
spicule and muscle with similar aspect and width (Figs. 6, 7). Posterior 
extremity rounded and expanded. Cloacal aperture transverse and 
flattened laterally, oblique and directed posteriorly, edged with 2 lateral 
nonmembranous and short lobes, each resembling a cushion in ventral 
view, an earlobe in lateral view, extending from latero-anterior to latero-
posterior aspects. Dorsally, no dorsal membrane linking lobes, but body 
cuticle thickened (Figs. 10, 11, 20-24). Each lobe with ventral non-
pedunculated papilla, posterior to anterior lip of cloacal aperture 
(Figs. 10, 11, 21,22); dorsal non-pedunculated papilla also observed in 
latero-dorsal plane at base of anterior of earlobe (Figs. 10, 22-24). 
Female: Body 7.8 mm long (7.21-8.03), 40 wide (25-50); nerve ring 
at 79-85 from anterior extremity; muscular esophagus 375 (310-400) 
(Fig. 12); entire esophagus 3.36 (2.82-3.77) mm. Single row of 24-32 
stichocytes; first stichocyte 28-31 long, 3 terminal stichocytes 125-11 0 
long, other stichocytes 170-250 long (Fig. 13). Vulva close to posterior 
end of esophagus (Figs. 14, 15), and 3,400 from apex. Body constricted 
anterior to vulva; no membranous vulvar appendage, but conspicuous 
protuberance, rounded in ventral view, acute or tubular in lateral view, 
with thickened cuticle and bearing subapical vulva aperture (Figs. 15,25). 
Vagina short, with thick musculature; narrow vagina vera 28 long, 
enlarged vagina uterina 37 long. Posterior end of body slightly constricted 
laterally and ventrally at level of end of intestine; rectum with several 
bends and 52 (47--60) long. Anal aperture wide (Fig. 17). Tail 8 (5-8) long, 
extremity rounded in lateral view, slightly squared in ventral view 
(Figs. 16, 17). Eggs long 30 X 60 symmetric or not, depending on 
orientation; egg shell corrugated; poles slightly convex (Fig. 18). 
Taxonomic summary 
Type host: Scapteromys aquaticus Thomas, 1920, male, MLP 08.IV.97.7, 
others hosts MLP 08.IV.97.8, MLP 08.IV.97.9. 
Site of infection: Small intestine. 
Type locality: Los Talas (34°56'S, 57°44'W, Partido de Berisso), Buenos 
Aires, Argentina. 
Type specimens: Male holotype 152 YU, female allotype 152 YU 
(MNHN Paris collection), paratypes (5 females and 1 male) (MLP 6450). 
Prevalence and mean intensity: Five of38 (13%) hosts infected, 3.5 mean 
intensity and 8.0 in the type host specimen. 
Etymology: Dedicated to Dr. Alain Chabaud, a renowned French 
parasitologist, whose work has inspired other parasitologists around the 
world. 
Remarks 
In capillariids, generic identification is the first main point to establish. 
We used Moravec (1982) and other sources (listed in Moravec, 2001; 
Gibbons, 2010). We restrict the taxonomic discussion to the 11 genera that 
include species in mammals. 
Several genera are easily excluded based on the characters of the male 
caudal region, i.e., Aonchotheca Lopez-Neyra, 1947, Calodium Dujardin, 
1845, Pterothominx Freitas, 1959, Tenoranema Mas-Coma and Esteban, 
1985, which have lateral alae; Baruscapillaria Moravec, 1982, Echinocoleus 
Lopez -Neyra, 1947, Liniscus Dujardin, 1845, and Pearsonema Freitas et 
Mendoca, 1960, which have a membranous caudal bursa; and Eucoleus 
Dujardin, 1845, which is distinctly attenuated at the extremity. Among the 
2 last genera, Pseudocapillaria has a nonspiny cirrus (contrary to our 
specimens), and Capillaria Zeder, 1800, has a spiny cirrus. The diagnosis 
of Capillaria given by Moravec (1982), "caudal lateral alae in male absent; 
posterior end of male rounded, provided with 2 lateral, dorsolateral or 
ventrolateral lobes; membranous bursa absent; 2 minute pre-anal sessile 
papillae often present; spicular sheath spiny; vulvar appendage absent or 
present; intestinal parasites of fishes, amphibians, reptiles, birds, and 
mammals," agrees with the characteristics of the new species, which are 
tentatively assigned to Capillaria, although their spicules are not well 
sclerotized and the 2 papillae are not precloacal. 
O"l 
TABLE I. Update of species from genus (subgenus) Capillaria s.s. (subgeneric attributions are absent in those cases where no assignation has been found in the literature). w 
'" 
--I 
Geographic distribution I m 
Genus/subgenus Species Authority Class/order of host Type host Other hosts refs. Sitet (realm) '--0 
c 
Capillaria alainchabaudi This paper Mammal, Rodentia Scapteromys aquaticus Intest. Argentina (Neotropic) :rJ z 
n. sp. }> r 
Capillaria (Capillaria) anatis (Schrank, 1790) Travassos, Bird, Anseriforms Anas boschas Skrjabin et al. (1957) Cecum, Argentina (Neotropic), 0 
'Tl 
1915 intest. Europe? 'U }> 
Capillaria aramidesi Freitas and Almeida, 1933 Bird, Gruiforms Aramides cayanea Cecum Brazil (Neotropic) :rJ }> 
Capillaria brasiliana Freitas, 1933 Bird, Pelecaniforms Nycticorax nycticorax Intest. Brazil (Neotropic) C/) 
=i 
Capillaria carioca Freitas and Lent, 1935 Actinopterygii, Sphaeroides testudineus Intest. Brazil (Neotropic) 0 r 
( N eocapillaria) Tetraodontiforms 0 G) 
Capillaria catenata* Cleave et Mueller, 1932 Actinopterygii, Perciforms Eupomotis gibbosus Skrjabin et al. (1957) Intest. USA (N earctic) :< 
( Capillaroides) Moravec (2001) < 0 
Capillaria collaris Linstow, 1873 Bird, Galliforms Gallus gallus Skrjabin et al. (1957) Cecum, Neotropic, Nearctic, ! 
<0 
intest. other realms SJJ 
Capillaria cooperi Johnston and Mawson, Actinopterygii, Perciforms Callionymus Skrjabin et al. (1957) South Australia z () 
(Neocapillaria) 1945 calauropomus Moravec (2001) (Australasia) 
_w 
Capillaria cichlasomae Moravec, Scholz, and Actinopterygii, Perciforms Cichlasoma Liver Mexico (Nearctic) '--c ( Hepatocapillaria) Mendoza-Franco, 1995 urophthamulus z m 
Capillaria cyprinodonticola Huffman and Bullock, 1973 Actinopterygii, Cyprinodon variegatus Liver USA (Nearctic) 
'" S ( Hepatocapillaria) Cyprinodontiforms 
'" Capillaria gracilis (Bellingham, 1844) Actinopterygii, Gadiforms Merlucius merlucius Skrjabin et al. (1957) Intest. Europe (Palearctic) 
(Procapillaria) (= kabatai) Travassos, 1915 ' (= vulgaris) Moravec (2001) 
Capillaria hakofugu Araki and Machida, 1991 Actinopterygii, Ostracion immaculatus Rect. Japan (Palearctic) 
( Neocapillaria) Tetraodontiforms 
Capillaria hirundinis* (Rudolphi, 1819) Bird, Passeriforms Hirudo rustica Skrjabin et al. (1957) Intest. Europe (Palearctic) 
Travassos, 1915 
Capillaria indica Subramanian, 1969 Actinopterygii, Perciforms Channa gachua Intest. India (Indo-Malayan) 
Capillaria javanensis Wakelin, Schmidt, et Kuntz, Bird, Piciforms Dinopium javanense Wakelin et al. (1971) Intest. Taiwan (Palearctic) 
(Tridentocapillaria) 1971 
Capillaria longistriata Walton, 1923 Bird, Piciforms Colaptes auratus luteus Intest. USA (Nearctic) 
Capillaria madnesi Wakelin, Schmidt, et Kuntz, Bird, Passeriforms Corvus macrorhynchos Stom., Taiwan (Palearctic) 
1970 intest. 
Capillaria manica (Dujardin, 1845) Travassos, Bird, Passeriforms Fringilla coelebs Intest. France (Palearctic) 
1915 
Capillaria margolisi Moravec and Mc Donald, Actinopterygii, Scorpaenichthys Cecum British Columbia 
( Procapillaria) 1981 Scorpaeniforms marmoratus (Nearctic) 
Capillaria navonae Timi, Rossin, and Actinopterygii, Conger orbignianus Intest. Argentina (Neotropic) 
( Procapillaria) Lanfranchi, 2006 Anguilliforms 
Capillaria nyrocinarum* Madsen, 1945 Bird, Anseriforms Nyroca marila Skrjabin et al. (1957) Cecum Denmark (Palearctic) 
Capillaria ornamentata Spratt, 2006 Mammal, Dasyuromorphia Antechinus agilis Spratt (2006) Nasal Australia (Australasia) 
sinust 
Capillaria parusi Wakelin, Schmidt, and Bird, Passeriforms Parus monticolus Wakelin, et al. (1970) Intest. Taiwan (Palearctic) 
(Tridentocapillaria) Kuntz, 1970 
Capillaria patzcuarensis Osorio-Sarabia, Perez Ponce Actinopterygii, Chirostoma estor Moravec (2001) Intest. Mexico (Nearctic ) 
de Leon, and Salgado- Atheriniforms 
Maldonado, 1986 
(Table I continued) 
TABLE I. Continued. 
Genus/subgenus Species Authority Class/order of host 
Capillaria phasianina* Kotlan, 1940 Bird, Galliforms 
Capillaria pterophylli Heinze, 1933 Actinopterygii, Perciforms 
( Neocapillaria) 
Capillaria recondita Freitas and Lent, 1942 Amphibia, Anura 
Capillaria recurvirostrae Mawson, 1968 Bird, Charadriiforms 
Capillaria rigidula (Dujardin, 1845) Travassos, Bird, Passeriforms 
1915 
Capillaria schmidti Arya,1985 Chondrichthyes, Rajiforms 
( Pro capillaria ) 
Capillaria skrjabini (Lubinova, 1947) Moravec, Bird, Anseriforms 
1982 
Capillaria spinulosa (Linstow, 1890) Travassos, Bird, Anseriforms 
1915 
Capillaria tenuissima (Rudolphi, 1809) Yamaguti, Bird, Strigiforms 
1941 
Capillaria totani (Linstow, 1875) Skrjabin and Bird, Charadriiforms 
Schikhoblova, 1954 
Capillaria tridens (Dujardin, 1845) Travassos, Bird, Passeriforms 
(Tridentocapillaria) 1915 
Capillaria uruguayensis Calzada, 1937 Bird, Galliforms 
Capillaria vazi Freitas, 1933 Bird, Galliforms 
Capillaria venusta Freitas and Mendoca, 1958 Bird, Piciforms 
Capillaria wickinsi Ogden, 1965 Actinopterygii! 
( Neocapillaria) Pleuronectiforms 
• Accurate data on the host type are not available to the authors; the species list was chosen from a list of hosts. 
t Site = site of infection; intest = intestine; rect = rectum; stom = stomach. 
Type host Other hosts refs. Sitet 
Phasianus colchicus Skrjabin et al. (1957) Cecum 
Pterophyllum eimekei Intest. 
(=scalare) 
Crossodactylus Intest. 
gaudichaudii 
Recurvirostra Intest. 
novaehollandiae 
Accetor modularis Intest. 
Raja radiata Intest. 
Cygnus olor Cecum 
Nyroca ferina Cecum 
Strix uralensis Intest. 
Totanus hypoleucos Skrjabin et al. (1957) Intest. 
Luscinia luscinia Skrjabin et al. (1957), Intest. 
Wakelin et al. 
(1970) 
Gallus gallus Cecum, 
intest. 
Odontophorus capueira 
Petroglossus a. aracari Freitas and Mendoca 
(1958) 
Pin to et al. (1996) 
Pleuronectes platessa Intest., 
rect. 
Geographic distribution 
(realm) 
Denmark ex USSR 
(Palearctic) 
South and North 
America 
Europe (Neotropic 
Holarctic) 
Brazil (Neotropic) 
South Australia 
(Australasia) 
France (Palearctic) 
Southern India (Indo-
Malayan) 
ex USSR (Palearctic) 
Germany 
Denmark 
ex USSR (Palearctic) 
Japan (Palearctic) 
Germany (Palearctic) 
France 
USA, Cuba (Palearctic, 
Neotropic) 
Uruguay (Neotropic) 
Brazil (Neotropic) 
Brazil (Neotropic) 
Southern North Sea 
(Palearctic) 
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TABLE II. Main morphological features and measurements of 19 Capillaria species from America. 
Capillaria Capillaria 
Capillaria Capillaria Capillaria (Neocapillaria) ( Capillaroides) 
Species ( Capillaria) anatis aramidesi brasiliana carioca catenata Capillaria collaris 
Freitas and Almeida Freitas and Freitas (1933); Freitas and Lent van Oeave and 
(1935); Lopez-Neyra Almeida (1933); Lopez-Neyra (1935); Lopez-Neyra Mueller (1932); 
(1947); Skrjabin Skrjabin et aI. (1947); Skrjabin (1947); Skrjabin Skrjabin Skrjabin 
References et al. ~19572 (19572 et aI. {l95Z2 et aI. {l95Z2 et aI. {l9572 et aI. ~195Z2 
Drawing* Male-female No No Male Male Male-female 
Bacillary bands Slight 
Male 
Total length (mm) 7-16.1 6.1 3.7 4.29 8-14 8.9-17.7 
Body width 50-70 42 40 40 52-63 
Stichocytes number 
Musc. esoph. length 
Total esoph. length 2.3-3.6 2.24 5.07 
(mm) 
Spines of cirrus Yes Yes Yes Yes Yes Yes 
Caudal lobes Two broad Two cuticular 
Caudal papillae Large, directed One pair, hardly One pair, round One dorsal pair 
ventrally distinguishable dorsolateral 
Spicular length 1,220-1,860 560 530 432 248 1550 
Ratio ant/post or 6:llt (37.7-59%)t 5:8t 1:0.9t (52.21%)t 2.3-5t 
percentage ant/total (28.6-56.9% )t 
body length 
Female Unknown 
Total length (mm) 8.4-24.8 4.2 4.9 10-15 9.5-20.9 
Body width 60-80 32 50 55 70 
Stichocytes number 
Musc. esoph. length 
Total esoph. length 4.5-5.75 
(mm) 
Distance vulva-esoph. 42 13 0 
Protruding vulva Elongated edges No No Slightly protruding 
Egg length 49-65 43 55 66 
Egg width 27-32 24 27-31 30 
Ratio ant/post or 5:8t 1:2t 1:1.4-1:1.6t 
percentage ant/total (27.5-47.4%)t 
body length 
• Drawing provided from authors underlined. 
t Relation and percentage obtained from studies cited in references. 
t Approximate percentage obtained from the present study considering the data originally published and placed in the table (total esoph. lengthltotallength). 
At present, Capillaria is divided into 6 subgenera, i.e., Capillaria Zeder, 
1800, Procapillaria Moravec, 1987, Neocapillaria Moravec, 1987, Capillar-
oides Moravec, 1987, Hepatococapillaria Moravec, 1987, and Tridentoca-
pillaria Barus and Sergeeva, 1990, with only the first parasitic in mammals 
(Table I). The single Capillaria sensu stricto (s.s.) known from mammals 
was given no subgeneric assignment (Spratt, 2006). The new species is 
compared to this species and to the 18 American species of Capillaria. 
Capillaria ornamentata Spratt, 2006, a parasite of Australian marsupials 
(Antechinus spp.), has many unique characters that differentiate it from 
Capillaria chabaudi, i.e., body extremely long, cuticle ornamented with 
rugosities, 4 bacillary bands, spicule end broad with 6 rounded points, and 
a vagina with distal spines (Spratt, 2006). 
Among the Capillaria s.s. species (Table II), C. alainchabaudi n. sp. can 
be separated from Capillaria ( Capillaria) ana tis (Schrank, 1790), 
Capillaria aramidesi Freitas and Almeida, 1933, Capillaria brasiliana 
Freitas, 1933, and Capillaria longistriata Walton, 1923 (from birds); and 
Capillaria (Hepatocapillaria) cichlasomae Moravec, Scholz, et Mendoza-
Franco, 1995, Capillaria (Hepatocapillaria) cyprinodonticola Huffman et 
Bullock, 1973, Capillaria (Procapillaria) navonae Timi, Rossin, and 
Lanfranchi, 2006, and Capillaria patzcuarensis Osorio-Sarabia, Perez 
Ponce de Leon, et Salgado-Maldonado, 1986 (from fishes) by the 
presence of a conspicuous vulvar appendage in females; from Capillaria 
recondita Freitas et Lent, 1942 (from an amphibian) by the presence of an 
anterior lip of the vulva markedly elevated in females and 2 lobes 
provided with a narrow cuticle margin (papillae not observed) in males; 
from Capillaria col/aris Linstow 1873, Capillaria (Procapillaria) margo-
lisi Moravec et Mc Donald, 1981, Capillaria pterophylli Heinze, 1933, 
Capillaria tridens (Dujardin, 1845), Capillaria uruguayensis Calzada, 
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TABLE II. Extended. 
Capillaria Capillaria 
( Hepatocapillaria) ( Hepatocapillaria) 
cichlasomae cyprinodonticola Capillaria longistriata 
Walton (1923); 
Lopez-Neyra 
(1947); Skrjabin 
Moravec {2001~ Moravec {2001~ et al. {1957~ 
Male-female Male-female No 
Indistinct Indistinct Lateral 
1.83 1.29-1.36 20 
30-50 42--63 40-50 
138 129-141 
0.98 O. 68--0.70 6 
Yes Yes Transversally striated 
Small lateral wings 
One pair subventral One pair, small One pair ventrally 
postanal, small slightly outlined bent, and a papilla 
inconspicuous dorsolateral before the cloaca 
68-85 99-102 1,500 
54%t 50-52%t I :2.33t (30%)t 
4.54 4.62-4.92 20-20.5 
50--60 109 60-70 
38 35 
195 159-174 
2.0 1.50-1.55 
0 36-75 
No No No 
53--60 60-66 45 
23-28 36-42 IS 
44%t 30-34%t 1:1.3-1:I.4t 
1937, Capillaria vazi Freitas, 1933, and Capillaria venusta Freitas et 
Mendo«a, 1958 (from birds) by esophagus and total body lengths (see 
Table II), and from Capillaria carioca Freitas et Lent, 1935 (from birds) 
and Capillaria (Capillaroides) catenata Cleave et Mueller, 1932 (from 
fish) by having 2 pairs of caudal papillae. Table II lists the main 
morphological features and measurements (generally ranges of para-
types) of these 19 species (Travassos, 1915; Walton, 1923; van Cleave and 
Mueller, 1932; Freitas, 1933, 1935; Freitas and Almeida, 1933, 1935; 
Freitas and Lent, 1935, 1942; Calzada, 1937; Lopez-Neyra, 1947; 
Skrjabin et aI., 1957; Freitas and Mendo«a, 1958; Freitas et aI., 1959; 
Moravec and McDonald, 1981; Moravec, 1982, 2001; Baros and 
Sergeeva, 1990; Thni et aI., 2006). 
Capillaria chandleri Read, 1949, and Capillaria michiganensis Read, 
1949, parasites of American rodents Spermophilus franklini and Ondatra 
zibethicus, respectively, were originally described as Capillaria sensu lato. 
Their generic assignment according to the classification of Moravec (1982) 
Capillaria (Procapillaria) Capillaria (Procapillaria) Capillaria 
margolisi navonae patzcuarensis 
Moravec and McDonald 
(1981) Timi et al. {2006~ Moravec {2001~ 
Male-female Male-female Female 
Not observed Lateral Well visible 
13.57 8.88-14.45 2.28-2.4 
74 50-80 30-45 
58 35-46 26-31 
350 250-410 220-260 
9.3 5.6-7.76 1.32-1.51 
Yes Yes Yes 
Sublateral, on each side Two ventrolateral with Without lobes 
cuticular margins 
One large pair and a small One large pair posterior 
pair of sessile ventral to cloaca 
near to anus 
200 210--0.260 318-320 
71%t 50.61-70.92%t 
18.58-21.76 19.28-27.25 4.10-4.68 
93-112 70-110 48-54 
26-32 
360-380 290-430 260-300 
9.11-10.28 (total) 7.22-11.18 1.39-1.53 
60-240 26 
Slightly elevated No No 
62--69 65-78 72-81 
25-28 27-34 30-33 
46-54%t 36.61-51.20%t 
is difficult since the males are unknown (Read, 1949). However, the 
females of these species can be differentiated from C. alainchabaudi n. sp. 
by a number of morphometrical features, including their much shorter 
length. 
DISCUSSION 
Capillaria sensu Moravec included a list of 33 species in 
1982, which were mainly parasites of birds (22) and fishes (9) 
and, more rarely, of reptiles and amphibians (1 species in each 
group); none was parasitic in mammals. During the last 30 yr, 
only 5 new species have been described from Capillaria (Table I). 
Two were transferred to this genus, Capillaria (Hepatocapillaria) 
cyprinodonticola and Capillaria (Neocapillaria) cooperi (Johnston 
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TABLE II. Extended. 
Capillaria 
Capillaria Capillaria Capillaria Capillaria Capillaria alainchabaudi 
pterophylli recondita tridens uruguayensis Capillaria vazi venusta n. sp. 
Lopez-Neyra (1947); Freitas and 
Lopez-Neyra Freitas and Lent Skrjabin et al. (1957); Calzada (1937); Freitas (1933); Mendo<;:a 
(1947); Skrjabin (1942); Skrjabin BarnS and Seq~eeva Skrjabin Skrjabin (1958); Freitas 
et al. (19572 et al. ~19572 (19902 et al. ~19572 et al. ~19572 et al. ~19592 This paper 
Male-female Male-female Male-female Male Female Male-female Male-female 
Indistinct Four bands Two bands 
8.3 3.73-4.99 12.99-15.48 10.6--12 15.5 14.69-18.86 6.7-8.7 
4()""50 57 15-18 66--86 
40-45 21-28 
258 435-548 210-400 
4.7 2.64 5.81-6.3 5.5 6.64-7.97 2.76--3.3 
No No Yes Transverse Yes Yes Yes 
striation 
Two small Two lateral with Three lobes, with a Two short, round, Rudimentary bursa Two lateral non 
convexities narrow cuticular membranous joined by narrow, in the shape of membranous 
margin bursa hardly visible triangular lobes 
membrane protrusions 
Not observed Two pairs: one ventral 
and one dorsal 
180 14()""150 1,1O()""1,630 1,100 1,070 1,41()""1,780 150 (incomplete) 
1:0.75t (56.6%)t l:1.3t 1 :2.5,1 :0927,1: l.2t 1:2t 1.41-1.78t 1:1.61-1:2.13t 
(40.7-44.9%)t (45.8-51.8%)t (42.2-45.2% )t (36--53%) 
18-19 6.03-7.43 18.5-29.2 15.-18 24.4 18.26--26.03 7.21-8.03 
6()""70 55-60 9()""114 113-131 
24--32 
195-252 505-609 310-400 
12.4 2.68-3.11 6.28-7.27 6 6.47-9.55 2.82-3.77 
0 4()""50 32 6()""160 4()""50 
Yes Anterior lip elevated Slightly protruding Yes Slightly protruding Conspicuous 
protruberance 
50 57-70 50 59 59-63 60 
20 27-37 28 22 25-39 30 
l:2t (62.2-68.8%)t 1:3-1:1.5t 5:16t 1: 1.65-1 :2.5t 1: 1.76--1:2.03t 
(33.3-40%)t (35.43-36.7% )t (43-50%) 
et Mawson, 1945) (Moravec, 1987), and 2 transferred to other 
genera, Amphibiocapillaria serpentina (Harwood, 1932) and 
Piscicapillaria orectolobi (Johnson et Mawson, 1951) (Moravec, 
1986, 1987), bringing the total number of known species to 38. 
Remarkably, mammals are still almost absent in the host range 
of Capillaria, with only I species, C. ornamentata, in an Australian 
marsupial, and the new species described here in a South American 
rodent sigmodontine. Perhaps future morphological and genetic 
studies will clarify the relationships between these species and those 
from other host groups attributed presently to Capillaria. 
Eleven genera of Capillariinae are present in mammals, of 
which 9 are from rodents. The 28 species parasitic in rodents are 
from Aonchotheca, Baruscapillaria, Capillaria, Calodium, Echino-
coleus, Eucoleus, Liniscus, Pseudocapillaria, and Tenoranema. The 
same generic diversity and paucity of species are noted in North 
and South American rodents, with a total of only 12 species 
(Lopez-Neyra, 1947; Read, 1949; Moravec, 1982; Mas-Coma and 
Esteban, 1985; Kinsella and Pence, 1987; Pisanu and Bain, 1999; 
Spratt, 2006; Robles et aI., 2008). The distribution of species and 
genera around the world shows no recognizable geographic 
pattern. The ancient rodents (Caviidae, Gliridae, and Sciuridae) 
are rather well represented in the host distribution compared to 
the modern Muroidea, despite the latter group being the most 
commonly examined for parasites (Table III). 
In addition, despite the large number of potential rodent hosts, 
only about 5.5% of Caviidae, 3.6% of Gliridae, 1.5% of 
TABLE III. Species of Capillariinae from rodents. 
Geographic distribution 
Genus Species Authority, other refs Order/family host Type host Site* (realm) 
Aonchoteca annulosa (Dujardin, 1845) Lopez-Neyra, Myomorpha Muridae Rattus norvegicus Intest. Europe 
1947 ex USSR(Palearctic) 
Aonchoteca jorresteri (Kinsella and Pence, 1987) Myomorpha Cricetidae Oryzomys palustris Stom. USA (Nearctic) 
Pisanu and Bain, 1999 
Aonchoteca myoxinitelae (Diesing, 1851) Moravec, 1982 Sciuromorpha Gliridae Eliomys quecinus Intest. Europe (Palearctic) 
Aonchoteca murissylvatici (Diesing, 1851) Moravec, 1982 Myomorpha Muridae Apodemus sylvaticus Intest. Europe, ex USSR, USA 
(Palearctic, N earctic) 
Aonchoteca legerae (Justine, Ferte and Bain, 1987) Sciuromorpha Gliridae Eliomys quecinus Intest. Europe (Palearctic) 
Pisanu and Bain, 1999 
Aonchoteca praeputialis (Obendorf, 1979) Spratt, 2006 Myomorpha Muridae Rattus juscipes Duct of preputial Australia (Australasia) 
glands 
Aonchoteca ransomia (Barker et Noyes, 1915) Moravec, Myomorpha Cricetidae Ondatra zibethica Intest. USA (Nearctic) 
1982 
Aonchoteca tamiasstriatae (Read, 1949) Moravec, 1982 Sciuromorpha Sciuridae Tamias striatus Intest. USA (Nearctic) 
Aonchoteca wioletti (Rukhlyadeva, 1959) Moravec, 1982 Myomorpha Cricetidae Arvicola terrestris Stom. Russia (Palearctic) 
Baruscapillaria conspecta Spratt, 2006 Myomorpha Muridae Rattus juscipes Intest. Australia (Australasia) 
Baruscapillaria multicellularis (Yamaguti, 1941) Moravec, Myomorpha Muridae Rattus norvegicus Intest. Japan (Palearctic) 
1982 
Baruscapillaria prashadi (Maplestone et Bhaduri, 1942) Myomorpha Muridae Rattus norvegicus India (Indo-Malayan) ::IJ 0 
Moravec, 1982 OJ ,-
Baruscapillaria (Ash, 1962) Moravec, 1982 Myomorpha Muridae Rattus norvegicus Intest. Hawaii m traverae (f) 
Calodium hepaticum (Bancroft, 1893) Moravec, 1982 Myomorpha Cricetidae Sigmodon hispidus Liver USA (Nearctic, other realms) m --i 
Capillaria alainchabaudi This paper Myomorpha Cricetidae Scapteromys aquaticus Intest. Argentina (Neotropic) » ,-
n. sp. I 
Capillaria s.l. chandleri Read, 1949 Sciuromorpha Sciuridae Citellus jranklini Intest. USA (Nearctic) z m 
Capillaria s.l. michiganensis Read, 1949 Myomorpha Cricetidae Ondatra zibethicus Intest. USA (Nearctic) :2: () 
Echinocoleus hidrochoeri (Travassos, 1916) Moravec, 1982 Hystricomorpha Caviidae Hydrochoerus hydrochaeris Stom., intest Brazil (Neotropic) » 
::Q 
Eucoleus bacillatus (Eberth, 1863) Lopez-Neyra, 1947 Myomorpha Muridae Rattus norvegicus Esoph. Probably Europe (Palearctic) ,-,-
Eucoleus baskakowi Schulz, 1929 Sciuromorpha Sciuridae Spermophilus musicus Trachea, esoph. Russia (Palearctic) » 2;! 
Eucoleus gastricus (Baylis, 1926) Lopez-Neyra, 1947 Myomorpha Muridae Rattus norvegicus Stom., esoph. Europe z 
» 
ex USSR, Japan m 
South America (Palearctic, " ::IJ 
Neotropic) 0 $: 
Eucoleus lemmi (Retzius, 1841) Skrjabin, Myomorpha Cricetidae Arvicola terrestris Gastric mucosa Sweden, ex USSR (Palearctic) » 
Shikhobalova, et OrJov, 1957 
(f) 
G) 
Eucoleus medjerdae (Bernard, 1964) Moravec, 1982 Myomorpha Muridae Mus musculus $: 0 
Eucoleus plumosus Spratt, 2006 Myomorpha Muridae Rattus juscipes Intest. Australia (Australasia) 0 0 
Liniscus papillosus (Polonio, 1860) Moravec, 1982 Myomorpha Muridae Rattus norvegicus Urinary bladder Europe (Pa1earctic) z 
--i 
Liniscus diazae Robles, Carballo, and Navone, 2008 Myomorpha Cricetidae Oxymycterus rufus Urinary bladder Argentina (Neotropic) Z 
Pseudocapillaria americana (Read, 1949) Moravec, 1982 Sciuromorpha Sciuridae Glaucomys volans volans Intest. USA (Nearctic) » m 
Tenoranema alcoveri Mas-Coma and Esteban, 1985 Sciuromorpha Gliridae Eliomys quecinus Intest. Spain (Pa1earctic) ::IJ 0 
0 
m 
• Site = site of infection; intest = intestine; rect = rectum; stom = stomach. z 
--i 
m 
w 
--J 
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Sciuridae, 0.9% of Cricetidae, and 0,5% of Muridae species have 
been recorded as hosts for capillariids. Moreover, 5 capillariid 
species have been recorded from sigmodontine rodents, which 
represent 1.4% of the species identified as hosts. Of these, 2 have 
been recorded from Argentina (Robles et aI., 2008). The contrast 
between the large number of possible rodent hosts and the small 
number of capillariids may be due to either an insufficient 
search, or a particularity in the historical evolution of these 
nematodes. 
However, the anatomical site of infection also must be 
considered in the phylogeny of mammalian capillariids. For 
example, species of Liniscus are only found in the urinary bladder, 
species of Caladium are only found in the liver, and species of 
Eucaleus are typically found in the esophagus and stomach. Most 
of the species in Capillaria s.s, are found in the small and large 
intestines and the cecum. Genetic studies are needed to confirm 
whether morphology and site specificity of these genera parallel 
the evolution of the subfamily, 
The present paper constitutes the second record of a Capillaria 
species from mammals, the first record of the genus from 
sigmodontine rodents, and the second record of a capillariid 
species from Argentina. 
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A NEW SPECIES OF CARYOSPORA (APICOMPLEXA: EIMERIIDAE) FROM THE FLATHEAD 
SNAKE, TANTILLA GRACILIS (OPHIDIA: COLUBRIDAE), IN SOUTHEASTERN OKLAHOMA 
Chris T. McAllister, Zachary P. Roehrs*, and R. Scott Seville* 
Science and Mathematics Division, Eastern Oklahoma State College, Idabel, Oklahoma 75745. e-mail: cmcallister@se.edu 
ABSTRACT: A single flathead snake, Tantilla gracilis, collected in early October 2010 from Choctaw County, Oklahoma, was found to 
harbor an undescribed species of Caryospora. Oocysts of Caryospora choctawensis n. sp. were spherical to subspherical, 15.8 X 15.0 
(14-18 X 14-16) J.lm, with a thick, bilayered wall and a shape index (iength:width) of 1.1. A micropyle and an oocyst residuum were 
absent, but prominent Stieda and bubble-like sub-Stieda bodies were present as well as a bilobed polar granule near the oocyst wall. 
Sporocysts were ovoidal, 10.8 X 9.0 (10-12 X 8-9) J.lm, with a shape index of 1.2. The sporocyst residuum was spherical and composed 
of a cluster of granules often membrane-bound. This is the second time a caryosporan species has been reported from T gracilis but the 
first coccidian ever described from a reptilian host in Oklahoma. Additional T gracilis from Arkansas (n = 6), Oklahoma (n = 1), and 
Texas (n = 7) were examined, and a single specimen from Newton County, Arkansas harbored Caryospora gracilis Upton, McAllister, 
Trauth, and Bibb, 1992, previously reported from T gracilis collected in Arkansas and Texas. 
Upton et al. (1992) provided descriptions of 2 new species of 
coccidia (Caryospora gracilis and Isospora wilsoni) from flathead 
snakes, Tantilla gracilis Baird and Girard, 1853, collected in 
Arkansas and Texas. Since that time, to our knowledge, no other 
coccidia have been reported from this snake (see Duszynski and 
Upton, 2009). Herein, we provide a description of a new species of 
Caryospora from T. gracilis from southeastern Oklahoma. 
MATERIALS AND METHODS 
Between April 2001 and October 2011, 15 adult T gracilis (> 100 mm 
snout-vent length [SVL]) were collected by hand from various sites in 
Arkansas (Carroll, Garland, Izard, Logan, Newton, and Union counties, 
n = 6), Oklahoma (Choctaw County, n = 2), and Texas (Bandera, 
Edwards, and Kimble counties, n = 7) and examined for coccidia. 
Specimens were placed in individual plastic bags on ice and returned to the 
laboratory within 24 hr for processing. Snakes were killed with an 
overdose of sodium pentobarbital (Nembutal, Eli Lilly, North Chicago, 
Illinois) solution and a mid-ventral incision was made to expose rectal 
contents. Fresh feces were collected from the rectum and placed in 
individual vials containing 2.5% (w/v) aqueous potassium dichromate 
(K2Cr207) and examined for coccidia by light microscopy after flotation 
in Sheather's sugar solution (sp. gr. 1.20). Two positive samples were 
allowed to complete sporulation at room temperature (23 C) in Petri 
dishes containing a shallow layer of 2.5% K2Cr207 for 5 days and both 
were sent to one of us (R.S.S.) for further examination. Sporulated oocysts 
were again isolated by flotation (as above) and measurements were taken 
on 10 oocysts (4 unsporulated oocysts were also measured) using a 
calibrated ocular micrometer and reported in micrometers (J.lm) with 
means followed by the ranges in parentheses; photographs were taken 
using Nomarski interference-contrast optics. Oocysts were either ~ 300-
days-old (n. sp.) or ~3,650-days-old when measured and photographed. 
Descriptions of oocysts and sporocysts follow the guidelines of Wilber 
et al. (1998): oocyst (0) length (L) and width (W), their ranges and ratios 
(L:W), oocyst wall (OW), micropyle (M), oocyst residuum (OR), polar 
granules (PG), sporocyst (SP) length (L) and width (W), their ranges and 
ratio (L:W), Stieda body (SB), sub-Stieda body (SSB), para-Stieda body 
(PSB), sporocyst residuum (SR), sporozoites (SZ), anterior refractile body 
(ARB), posterior refractile body (PRB), and nucleus (N). Photovouchers 
of sporulated oocysts were accessioned into the United States National 
Parasite Collection (USN PC), Beltsville, Maryland. Voucher specimens 
of snakes were deposited in the Arkansas State University Museum of 
Zoology (ASUMZ), State University, Arkansas as ASUMZ 25982, 25985, 
and 32625 and the Angelo State University Natural History Collection 
(ASNHC), San Angelo, Texas as ASNHC 14133. 
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RESULTS 
Two of 15 (13.3%) T. gracilis were found to be passing 
coccidian oocysts in their feces; 1 (ASUMZ 25982) collected on 20 
April 2001 from 6.4 km N of Pruitt off St. Hwy. 7 in Newton 
County, Arkansas (36.125764°N, 93.124237°W) possessed oocysts 
(photosyntypes, USNPC 104841) of Caryospora gracilis Upton, 
McAllister, Trauth, and Bibb, 1992 (Fig. 1) previously reported 
from T. gracilis in Arkansas and Texas. Spherical to subspherical 
oocysts (n = 30) with a moderately pitted wall (Fig. 1) measured 
23.4 X 22.4 (20-25 X 19-24) 11m and ovoidal sporocysts were 16.1 
X 12.2 (15-18 X 11-14) 11m. These measurements, even after 10 yr 
(-3,650 days) in K2CrZ07 solution and uncontrolled tempera-
tures, accord well with the original description of C. gracilis 
provided by Upton et al. (1992). One of the T. gracilis from 
Choctaw County, Oklahoma was passing oocysts of an unde-
scribed species of Caryospora, described herein as new. 
DESCRIPTION 
Caryospora choctawensis n. sp. 
(Figs. 2-4) 
Diagnosis: Oocyst (n = 10) shape spherical to subspherical L X W 
15.8 X 15.0 (14-18 X 14-16); L:W 1.1 (1.0-\.2); OW thick and smooth, 
bilayered. M and OR absent, but prominent SB and bubble-like SSB 
present, bilobed PG near OW. SP ovoidal, L X W 10.8 X 9.0 (10--12 X 8-9); 
L:W 1.2 (1.0-1.5). SR present, with many granules in compact mass. SZ 
elongate, arranged head-to-tail within SP. Each SZ with centrally located, 
spherical to ellipsoidal ARB and spherical, rarely subspherical, PRB. N 
located between RB. Unsporulated oocysts (n = 4) slightly larger, 16.4 X 
16.0 (16-17 X 15-17); L:W 1.0 (1.0-1.1). 
Taxonomic summary 
Type host: Tantilla gracilis Baird and Girard, 1853, flathead snake, 
adult male (SVL = 122 mm), collected on 9 October 2010 by C. T. 
McAllister. Symbiotype deposited as ASUMZ 31625. 
Other hosts: None. 
Secondary host: Unknown. 
Type specimens: Phototype deposited as USNPC 104842. 
Type locality: USA: Oklahoma, Choctaw County, Fort Towson 
Historic Site, Post Cemetery off US 70 on county road E2060 
(34.025801°N, 95.258803°W). 
Prevalence: Found in I of 15 (6.7%) of the snakes examined; 112 (50%) 
Choctaw County, Oklahoma; 0/6 (0%) Arkansas; 017 (0%) Texas. 
Sporulation: Exogenous. All oocysts were passed unsporulated or 
partially sporulated and some became fully sporulated within 5 days at ca. 
23 C; others never became fully sporulated. 
Prepatent and patent periods: Unknown. 
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FIGURES 1-3. Coccidians from Tan/ilIa gracilis. (1) Nomarski interference-contrast photomicrograph of an oocyst of Caryospora gracilis Upton, 
McAllister, Trauth, and Bibb, 1992. Abbreviation: OW (oocyst wall). (2-3) Nomarski interference-contrast photomicrographs of oocysts of Caryospora 
choctawensis n. sp. Abbreviations: OW (oocyst wall); PG (polar granule); SB (Stieda body); SSB (sub-Stieda body). 
Site of infection, definitive host: Unknown . Oocysts recovered from 
rectal contents and feces. 
Site of infection, secondary host: Unknown. 
Endogenous stages, definitive host: Unknown. 
Endogenous stages, secondary host: Unknown. 
Cross-transmission: None. 
Pathology, definitive host: Unknown. 
Pathology, secondary host: Unknown. 
Etymology: The specific epithet reflects the county of collection of the 
host (-ensis) and the Choctaw Nation of Oklahoma. It is given in honor of 
a tribe of farmers who lived in what is now the southeastern United States 
until 1830, when most tribal members were forcibly moved to southeastern 
Oklahoma in "the Trail of Tears." 
Remarks 
It has been 2 decades since Upton and associates described Caryospora 
gracilis from T gracilis collected in Hood County, Texas and Crawford 
FIGURE 4. Composite line drawing of an oocyst of C. choctawensis 
n. sp. 
County, Arkansas (Upton et aI., 1992). Measurements of oocysts of our 
isolate of C. gracilis reported herein and those reported in the original 
description of C. gracilis (Upton et aI., 1992) are considerably larger than 
those of the new species (23.4-23.7 X 22.4-22.5 vs. 15.8 x 15.0 ~m), 
and C. gracilis also possesses an OR, a structure found in no other 
caryosporan species from snakes (see Duszynski and Upton, 2009), as well 
as a very large SR. Interestingly, 2 other caryosporans, Caryospora relictae 
Telford, 1997, and Caryospora tantillae Telford, 1997, are known from 
Florida or Peninsula crowned snakes, Tantilla relicta Telford, 1966, 
collected from Marion County, Florida (Telford, 1997). However, they 
differ from C. choctawensis as follows: both the oocysts and sporocysts of 
C. relictae (OL X OW: 18.5 X 17.6 ~m; SL X SW: 14.8 X 11.4 ~m) and C. 
tantillae (OL X OW: 19.6 X 18.9 ~m; SL X SW: 15.1 X 11.6 ~m) are 
considerably larger. In addition, the recently described Caryospora durelli 
Daszak, Ball, Streicker, Jones, and Snow, 2011 from Round Island boas, 
Casarea dussumieri (Schlegel), from Mauritius also possess considerably 
larger oocysts and sporocysts (OL X OW: 19.2 X 18.2 ~m; SL X SW: 14.7 
X 11 .0 ~m) and differ from T gracilis in host systematics and geographical 
distribution as well. To our knowledge, C. choctawensis possesses the 
smallest oocysts of any caryosporan described to date from North 
American snakes (Duszynski and Upton, 2009). 
DISCUSSION 
We provide additional measurements and a photomicrograph 
of a second isolate of C. gracilis. Although several coccidians, 
including Caryospora spp., have been described or reported 
from snakes collected from states bordering Oklahoma, i.e., 
Arkansas and Texas (Upton et al. 1992, 1994; McAllister and 
Upton, 1995; Duszynski and Upton, 2009), we know of no 
coccidia whose new species description has been based on any 
snake collected in Oklahoma. Therefore, we provide the first 
description of a coccidian species from a common snake found 
in the state. At present, at least 60 species and subspecies of 
snakes are found in Oklahoma (Sievert and Sievert, 20ll) and 
many remain to be examined for coccidia. To our knowledge, 
the only snakes thus far reported to harbor coccidia from 
Oklahoma include the prairie kingsnake, Lampropeltis calliga-
ster calligaster, the great plains ratsnake, Pantherophis emoryi 
(both species having Caryospora duszynskii Upton, Current and 
Barnard, 1984), and the rough earth snake, Virginia striatula 
(with Eimeria striatula Upton and McAllister, 1990) (McAllister 
and Upton, 1995, their Table I; McAllister et aI., 2011). Further 
surveys on coccidians from snakes of Oklahoma are certainly 
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warranted and additional species will undoubtedly be reported 
and described in the future. 
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A NEW SPECIES OF NEOASCAROPHIS (NEMATODA: CYSTIDICOLIDAE) PARASITIC IN 
MACROURUS CARINATUS (MACROURIDAE) FROM ARGENTINEAN WATERS 
Maria A. Rossin, Inas S. Incorvaia*, and Juan T. Timi 
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e-mail: mrossin@mdp.edu.ar 
ABSTRACT: Nematodes of the cystidicolid Neoascarophis Machida, 1976, are all parasites ofmacrourid fishes, making up at present 5 
species. Several other unidentified species have also been reported in several fish species from the northern and southern Atlantic 
Ocean, including 1 from Macrourus carinatus (Gunther) (Macrouridae) in the southwest Atlantic Ocean. During a parasitological 
survey carried out on samples of M. carinatus from Patagonian waters, nematodes referable to Neascarophis were found in ulcers in the 
gastric mucosa, These nematodes Neascarophis sphaerocaudata n. sp. closely resemble N. macrouri by the posterior position of the 
vulva and the dilated posterior extremity in females, However, the new species differs from N. macrouri mainly by its larger size, a 
larger muscular esophagus, and a widely globose posterior extremity in females. SEM study of cephalic structures also showed 
morphological differences between both species, especially in the morphology of the submedian labia and lateral pseudolabia. In view 
of these differences a new species is proposed. 
Species of the cystidicolid Neoascarophis Machida, 1976, are all 
parasites of macrourid fishes, making up, at present, the following 
5 species (Moravec and Klimpel, 2009): Neoascarophis yarihige 
Machida, 1976, and Neoascarophis bathygadi Machida, 1976, from 
Coelorhynchus multispinulosus Katayama and Bathygadus garretti 
Gilbert and Hubbs, respectively, both from Suruga Bay off Japan; 
Neoascarophis insulana (Solov'eva, 1991) from Coryphaenoides 
acrolepis (Bean) and Albatrossia pectoralis (Gilbert) off the 
northern Kurile Islands in the Pacific Ocean; Neoascarophis 
macrouri Moravec, Klimpe1, and Kara, 2006, from Macrourus 
berglax Lacepede in the eastern Greenland Sea, North Atlantic 
Ocean; and Neoascarophis longispicula Moravec and Klimpel, 
2009, from Coryphaenoides mediterraneus (Giglioli) from the mid-
Atlantic Ridge (Machida, 1976; Solov'eva, 1991; Moravec et ai., 
2006; Moravec and Klimpel, 2009), Several other unidentified 
species of Neoascarophis have also been reported in fish species 
from the north and south Atlantic Ocean (Moravec et ai., 2006), 
including 1 from Macrourus carinatus (Giinther) (Macrouridae) in 
the southwest Atlantic (Gaevskaya and Rodyuk, 1988), 
During a parasite survey carried out on samples of M. carinatus 
from southern Patagonian waters, nematodes referable to 
Neascarophis were found embedded on the gastric mucosa, as 
well as in the stomach lumen, These nematodes are herein 
described as a new species of Neoascarophis. 
MATERIALS AND METHODS 
Nine specimens of M. carinatus, caught by commercial fishermen on the 
Patagonian Shelf, Argentina (53°23'-53°40'S, 61°24'-62°06'W), during 
August and September 2010, were examined for parasites, Fishes were 
necropsied, and stomachs were removed and examined using a stereo-
scopic microscope. A total of 16 (12 females and 4 males) specimens of an 
unidentified species of Neoascarophis were collected, fixed in 4% 
formaldehyde solution, transferred to 70% ethanol for storage, cleared 
in glyercine-ethanol, and then studied and measured using light 
microscopy, Drawings were made using a drawing tube. For scanning 
electron microscopy (SEM), specimens were dehydrated using a series of 
ethanol washes, dried by evaporation with hexamethyldisilazane, coated 
with gold, and scanned with a JEOL JSM 6460-LV SEM. 
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All measurements are given in micrometers, unless otherwise indicated, 
Prevalence and mean intensity were calculated according Bush et aL 
(1997). Type material was deposited in the Helminthological Collection of 
the Museo de La Plata (CHMLP), La Plata, Argentina. 
DESCRIPTION 
Neoascarophis sphaerocaudata n. sp. 
(Figs. 1-18) 
General: Medium-sized nematodes, females larger than males, cuticle 
thick, with fine transverse striations. Cephalic end rounded in both sexes, 
separated by conspicuous constriction from the wider body in females, but 
not in males (Fig. 2), Oral aperture oval, laterally depressed, surrounded 
by 4 large submedian labia (2 dorsolateral and 2 ventrolateral, each lateral 
pair partially fused), each bearing narrow sublabium' on its inner side. 
Lateral pseudolabia rather small, each provided with oval apical 
protrusion, inner parts of pseudolabia covering mouth. Four submedian 
cephalic papillae and pair of lateral amphids present (Figs. 1,2, 3, 9-11). 
Vestibule short with indistinct prostom visible in lateral view (Fig. 2), 
Glandular part of esophagus 2-3 times longer than the muscular portion, 
Nerve ring encircles muscular esophagus near its anteriQr quarter (Fig. 1). 
Deirids small, bifurcate (Fig. 12), situated immediately posterior to nerve 
ring, excretory pore immediately posterior to deirids. 
Male (based on 4 specimens, means followed by ranges in parentheses): 
Body 8.1 (7.4-8.9) mm long, maximum width 290 (270-330). Lateral 
pseudolabia provided with oval apical protrusion, flat inner parts 
expanded dorsoventrally, Height of pseudolabia protrusions 9 (7-10). 
Two triangular to rhomboidal areas present in a lateral position at level of 
pseudoabia (Fig. 11). Vestibule including prostom short, 51 (50-52) long; 
prostom IS (12-17) long, 31 (30-35) wide in lateral view (Fig. 1). Length 
of muscular esophagus 1.1 (1.0-1.2) mm, width 62 (50-75); length of 
glandular esophagus 2.7 (2.4-3.3) mm, maximum width 164 (150-180); 
length ratio of muscular and glandular parts of esophagus 1 :2.4 (1 :2.3-2.7) 
(Fig, 1); length of entire esophagus and vestibule representing 48% 
(44-53%) of total body length, Nerve ring situated at 285 (255-317) from 
anterior extremity; deirids and excretory pore at 370 (342-400) and 412 
(387-437), respectively, from anterior end (Fig. 1). Posterior end of body 
spirally coiled, provided with inconspicuous vesicular caudal alae (Fig. 4, 
17-18). Pre-anal papillae: 4 pairs of subventral pedunculate papillae 
present, of which first and second plus third and fourth shifted in relation 
to each other. Postanal papillae: 6 pairs present, including 5 pairs of 
pedunculate subventral papillae and 1 pair of minute ventral sessile 
papillae located at level of last subventral pair (Fig, 4, 6, 17-18), In 
addition, 1 pair of very small ventral papilla-like phasmids present just 
posterior to caudal papillae (Fig. 6). Serrate ventral cuticular ridges (area 
rugosa) anterior to cloaca poorly developed (Fig, 18), Left spicule 619 
(537-650) long, with rounded tip; its shaft 160 (137-175) long, forming 
26% (21-31%) of overall length of spicule (Fig. 4). Right spicule, 192 
(187-200) long, broad with inflate anterior end and rounded distal tip 
(Fig. 5). Length ratio of spicules 1:3.2 (2.8-3.4). Tail conical, 186 (182-
192) long, with rounded tip (Fig, 4), 
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FIGURES 1-8. Neoascarophis sphaerocaudata n. sp. (1) Anterior end of male, lateral view. (2) Cephalic end offemale, lateral view. (3) Cephalic end of 
female, apical view. (4) Posterior end of male, lateral view. (5) Right (small) spicule. (6) Posterior end of male, ventral view. (7) Posterior end of female, 
lateral view. (8) Egg. Scale bars: 1 = 2,500 J.I.Ill.; 2, 4, 6 = 125 !lm; 3, 5 = 50 J.I.Ill.; 7 = 500 !lm; 8 = 20 J.I.Ill.. 
Female (based on 5 gravid specimens, means followed by ranges 
in parentheses): Body broadest in its anterior half and narrow in region 
anterior to vulva. Length of body 20.4 (18.8-22.7) mm; maximum width 
1,188 (1,100-1,360). Lateral pseudolabia as long as wide, flat inner parts 
not expanded dorsoventrally. Height of pseudo labia protrusions 9 (7-12). 
Two rhomboidal elevations present in a lateral position at level of 
pseudoabia (Figs. 2-3, 9-10). Vestibule, including prostom, 102 (90--112) 
long; prostom indistinct (Fig. 2). Length of muscular esophagus 2.2 (1.1-
2.8) mm, width 96 (75-135); length of glandular esophagus 7.4 (6.5-8.0) 
mm, width 388 (300--500); length ratio of muscular and glandular parts of 
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FIGURES 9-12. Neoascarophis sphaerocaudata n. sp., SEM micrographs. (9) Anterior end of female, apical view. (10) Anterior end of female, 
dorsoventral view. (11) Anterior end of male, dorsoventral view. (12) Deirid. Scale bars: 9 = 50 j.lm; 10-11 = 20 j.lm; 12 = 2 j.lm. Abbrevations: a = 
amphid; c = cephalic papilla; I = labium; p = pseudo labium; s = sublabium; r = rhomboidal elevation. 
esophagus 1:3.07 (2.8-3.5); length of entire esophagus and vestibule 
representing 50% (48-52%) of total body length. Nerve ring, excretory 
pore, and deirids located at 477 (450-550), 802 (700-850), and 797 (737-
875), respectively, from anterior extremity. Vulva posterior, situated at 
954 (800-1,180) from posterior end of body, at 96.4% (95-96%) of body 
length; vulval lips not elevated, its opening situated in a rounded elevation 
(Figs. 7, 13-14). Posterior extremity globose, almost twice as wide as 
prevulvar region (Figs. 13-15). Anus subterminal, tail 135 (100-162) long; 
its tip always widely rounded (Fig. 15), with small knob-like terminal 
projection flanked by a pair of minute phasmids (Fig. 16). Amphidelphic, 
uterus occupying major part of body, filled with numerous eggs. Mature 
eggs (containing larvae) oval, 54 (52-57) long and 33 (32-35), thick-
walled, 6 (5.8-7.5), with smooth surface (Fig. 8). 
Taxonomic summary 
Type host: Macrourus carinatus (Gunther) (Macrouridae) (Gadiformes: 
Macrouridae). Nine specimens studied; TL 50-73 cm (mean 58 cm). 
Site of infection: Females and males embedded in stomach wall, females 
with only small parts of their posterior ends protruding out into the 
stomach lumen and males also free in stomach. 
Type locality: Patagonian Shelf, Argentina (53°23'-53°40'S, 61°24'-
62°06'W). 
Prevalence: Four of 9 infected. 
Intensity and mean abundance: Two-7 and 1.8. 
Type material: Holotype, male (HCMLP coIl. no. 6447); allotype, 
female (HCMLP coIl. no. 6448); and paratypes, 2 males and 2 females 
(HCMLP coIl. no. 6449). 
Etymology: The specific name is from Latin (sphaericus = spherical + 
cauda = tail) and refers to the conspicuous spherical aspect of caudal end 
of females. 
Remarks 
Among the 5 described species in the genus, only the male is known for N. 
longispicula, which can be readily distinguished from that of the new species 
by its larger body (15.8 against 8.1 mm in the new species), by having 
developed and somewhat dorsoventrally expanded flat inner part of 
pseudo labia, different shape of deirids, and vesicular caudal alae, and by its 
larger spicules (left spicule 1,149 vs. 619; right spicule 351 vs. 192) with 
different length ratio (1:5.3 vs. 1:3.2) (Moravec and Klimpel, 2009). Among 
the remaining species with known females, only those of N. macrouri and 
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FIGURES 13- 18. Neoascarophis sphaerocaudata n. sp., SEM micrographs. (13) Posterior end of female, sub-ventral view (arrow: vulvar opening). (14) 
Detail of vulvar region (arrow: vulvar opening). (15) Posterior end of female, sub-apical view. (16) Tail tip and phasmids of female. (17) Posterior end of 
male, lateral view. (18) Posterior end of male, sub-ventral view. Scale bars: 13 = 20 lim; 14 = 200 lim; 15 = 100 lim ; 16 = 5 /J.ffi; 17-18 = 50/J.ffi. 
Abbrevation: p = phasmid. 
N. insulana resemble that of the new species in having the vulva near the 
posterior end of body (vulva is situated near the middle of body in N. yarihige 
and N. bathygadl) (Moravec et aI., 2006). Females of the new species differ 
from those of N. macrouri by having a different shape of cephalic structures, 
mainly in the shape of labia (rhomboidal elevations present in a lateral 
position at level of pseudoabia) and pseudo labia (smaller, as long as wide, 
with flat inner parts not expanded dorsoventrally), a larger body (18.8-
22.7 mrn instead of 8.9- 12.6 mm in N. macroun), a glandular esophagus 2-3 
times longer than muscular instead of 5--8 times longer in N. macrouri, and a 
widely globose posterior extremity. Males of N. macrouri are shorter than 
those of the new species (5.8-6.9 mrn instead of 7.4-8.9), have a larger 
vestibulum (54-60 rather than 50--52) and a considerably shorter muscular 
esophagus (339-408 instead of 1.0--1.2 mrn), and, therefore, a different length 
ratio of muscular and glandular parts of esophagus (1 :5.6-7.6, rather than 1: 
2.3- 2.7). Unfortunately, N. insulana has been inadequately described by 
Solov'eva (1991); therefore, a detailed comparison with the new species is not 
possible. However, males of N. insulana have longer bodies (14.4 mrn), a 
longer left spicule (860 instead of 537- 650), vestibulum (108), and glandular 
oesophagus (5.8 mm), and 5 pairs of postanaI papillae. 
On the basis of these differences, a new species of Cystidicolidae, 
Neoascarophis sphaerocaudata, is proposed. The new species was 
previously reported as Neoascarophis sp. by Gaevskaya and Rodyuk 
(1988) and represents the first described species of this genus in the 
Southern Hemisphere. 
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A NEW GENUS AND SPECIES OF PROTEOCEPHALIDEAN TAPEWORM (CESTODA) FROM 
PANGASIUS LARNAUDII (SILURIFORMES: PANGASIIDAE) IN SOUTHEAST ASIA 
Tomas Scholz and Alain de Chambrier* 
Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic, Branisovska 31, 37005 Ceske Budejovice, Czech 
Republic. e-mail: tscholz@paru.cas.cz 
ABSTRACT: A new proteocephalidean cestode is described from spot pangasius, Pangasius larnaudii (Siluriformes: Pangasiidae), from 
Tonie Sap Lake in Cambodia and a new genus, Pangasiocestus, is proposed to accommodate it. The genus is placed in the Gangesiinae 
because its scolex possesses a large rostellum-like apical organ and its genital organs (testes, ovary, vitellarium, and uterus) are situated 
in the medulla, with some vitelline follicles paramuscular. Pangasiocestus romani n. gen. and n. sp., the type and only species of the new 
genus, is characterized mainly by its rosette-like scolex composed of 4 lobes bearing a small sucker in their center, and the apical part 
with a large, discoidal, rostellum-like apical organ devoid of hooks, by weakly developed inner longitudinal musculature formed by 
very few isolated muscle fibers, uneven size of testes in immature and mature proglottids, with lateral testes smaller and more dense 
than median ones, by very narrow lateral bands of vitelline follicles, formed usually by single follicles, and by the vagina anterior to the 
cirrus sac. This is the first proteocephalidean cestode from a pangasiid catfish identified to the species level (proteocephalidean cestodes 
from 3 Pangasius spp. reported in an unpublished account from Vietnam, misidentified as Proteocephalus osculatus (Goeze, 1782) 
[= Glanitaenia osculata], are not considered). 
Southeast Asia, including countries of the former Indochina 
(Cambodia, Laos, and Vietnam), represents a hot spot of diversity 
in freshwater fish, with extraordinary species richness of siluri-
forms (catfish) in the Mekong River basin (Kottelat, 1998,2001; 
Nelson, 2006; Sullivan et aI., 2006; Froese and Pauly, 2011). 
Unlike other zoogeographical regions, especially the Neotropics 
(de Chambrier and Vaucher, 1999), the fauna of tapeworms 
(Cestoda) of these fish is depauperate, and only a very few cestode 
species have been reported from this region, which is otherwise rich 
in fish parasites (Arthur and Ahmed, 2002; Arthur and Te, 2006). 
The fauna of cestodes in the pangasiid catfish, one of the most 
important groups of freshwater fish for fisheries and aquaculture 
in Asia, is species poor too (Schmidt, 1986). It also concerns 
tapeworms of the Proteocephalidea, the members of which are 
common parasites of catfish in all zoogeographical localities, 
including the Indomalayan region, i.e., India and neighboring 
countries (Freze, 1965; Scholz and de Chambrier, 2003; de 
Chambrier et aI., 2011). 
Until now, only 2 proteocephalideans have been found in fish 
of the most speciose genus, Pangasius Scopoli, 1777, both being 
reported from pangasiids in the Red River basin in northern 
Vietnam. Te et ai. (1991) recorded Proteocephalus osculatus 
(Goeze, 1782) (= Glanitaenia osculata; de Chambrier, Zehnder 
et aI., 2004) from Pangasius bocourti Sauvage, Pangasius 
conchophilus Roberts and Vidthayanon, and Pangasianodon 
hypophthalmus (Sauvage). However, the same author (Arthur 
and Te, 2006) later questioned these findings as misidentifications, 
because G. oscu?ata is a specific parasite of European wells 
(Silurus glanis L.) and occurs only in Europe and the western and 
central parts of Asia, i.e., Azerbaidjan, Iraq, and Central Asia 
(Scholz and Hanzeiova, 1998; Scholz et aI., 2007). 
Te (1989) also reported an unidentified species of Proteocepha-
Ius Weinland, 1858 from Pangasius pangasius (Hamilton) from 
northern Vietnam, but this cestode may have also been mis-
identified, because species of the Proteocephalus aggregate 
de Chambrier, Zehnder, Vaucher and Mariaux 2004, do not 
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parasItIZe siluriform fish (de Chambrier, Zehnder et aI., 2004; 
Scholz et aI., 2007). 
In October 2010, proteocephalidean tapeworms that could 
not be assigned to any of the existing genera were found in 
the intestine of spot pangasius, Pangasius larnaudii Boucourt 
(Siluriformes: Pangasiidae), from Cambodia. Based on their 
unique morphology, these' cestodes are now described as a new 
species, and a new genus is proposed to accommodate it. 
MATERIALS AND METHODS 
Tapeworms described in this study were found in the intestine of 3 of 8 
spot pangasius from Tonie Sap Lake in Cambodia, examined in October 
2010 by the present authors. Fish, which were cultivated in a small cage 
within the floating village of Prek Toal, were dissected immediately after 
their capture. Fish harboring tapeworms measured 38-49 cm in total 
length (standard length 30-42 em). Tapeworms were isolated from the 
host intestine and gently washed in saline (0.9% NaCl). Small pieces of 
strobila for DNA analysis were cut off and placed in 99% molecular-grade 
ethanol, whereas live worms used for morphological study were im-
mediately fixed with hot 4% neutral formaldehyde solution and sub-
sequently stored in 70% ethanol. For light microscopic observations, the 
specimens were stained with Mayer's hydrochloric carmine solution, 
dehydrated in a graded ethanol series, cleared with eugenol (clove oil), and 
mounted in Canada balsam. For histology, pieces of hot formalin-fixed 
tapeworms were embedded in paraffin wax, sectioned at 12-15 I!IIl (cross 
sections of the strobila and longitudinal sections of 1 scolex from fish of 
field No. VNT 298), stained with Weigert's hematoxylin, and counter-
stained with 1 % acidic eosin B. Eggs were studied in distilled water. One 
scolex (VNT 270) was employed for SEM observations using the 
procedure outlined by de Chambrier et al. (2008). 
DESCRIPTION 
Pangasiocestus n. gen. 
Diagnosis: Proteocephalidae, Gangesiinae. Testes, ovary, and uterus 
medullary; vitelline follicles medullary, penetrating to cortex. Medium-
sized tapeworms, with acraspedote proglottids. Inner longitudinal mus-
culature weakly developed, formed by a very few isolated muscle fibers. 
Ventral osmoregulatory canals well developed; dorsal canals visible in 
neck region and first immature proglottids, becoming indistinguishable 
in last immature, mature, pregravid, and gravid proglottids. Scolex small, 
without metascolex, rosette-like, with 4 prominent lobes indented 
posteriorly, separated from one another by deep longitudinal grooves, 
each lobe bearing in the center small uniloculate sucker. Apical part of 
scolex with large, discoidal rostellum-like apical organ (containing deeply 
staining chromophil cells), larger than suckers. Testes in 1 layer, uneven in 
size, with smaller, densely packed testes situated laterally; testes present 
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FIGURES I - II. Pangasiocestus romani n. gen. and n. sp. from Pangasius larnaudii, Cambodia (VNT 270; para type: MHNG INVE 75449). Scanning 
electron micrographs. (1) Scolex, dorsoventral. (2) Scolex, lateral. (3) Scolex, apical. (4) Detail of a sucker. (5) Capilliform filitriches near the center of the 
apical organ. (6) Gladiate spinitriches interspersed with capilliform filitriches on the surface of the middle part of the pyramidal apex. (7) Gladiate 
spinitriches interspersed with capilliform filitriches on the external upper rim of suckers. (8) Gladiate spin it riches interspersed with capilliform filitriches 
on the internal lateral surface of suckers. (9) Capilliform filitriches on the external upper surface of suckers. (10) Gladiate spinitriches interspersed with 
capilliform filitriches on the prominent lobe surrounding the sucker. (11) Gladiate spinitriches interspersed with capilliform filitriches on the internal 
central surface of suckers. 
also in gravid proglottids. Cirrus sac small in relation to width of 
proglottid. Genital pores irregularly alternating, slightly pre-equatoria l. 
Genital atrium present. Ovary follicular, bilobed, with wide lateral lobes. 
Vagina always anterior to cirrus sac, with vaginal sphincter. Vitelline 
follicles forming paired (dorsal and ventral) narrow bands, formed usually 
by single follicles, reaching from anterior to posterior margin of 
proglottids, interrupted dorsally and ventrally at level of terminal genitalia 
(cirrus sac and vagina). Uterine development of type 2 according to de 
Chambrier, Zehnder et al. (2004). 
Taxonomic summary 
Etymology: Generic name is derived from host name (Pangasius) and 
suffix -cestus (= tapeworm [belt in Latin]); it should be treated as masculine. 
Remarks 
The new genus is placed to the Gangesiinae of the proteocephalidean 
family Proteocephalidae (see Rego, 1995), because its scolex possesses a 
large rostellum-like organ containing deeply staining chromophil cells, 
covered by gladiate spinitriches ("small spines" according to Freze, 1965; 
see de Chambrier et aI. , 2003, 2011), and vitelline follicles may penetrate 
between the inner longitudinal musculature to the cortex. 
Pangasiocestus differs from all gangesiine genera, namely Gangesia 
Woodland, 1924, Electrotaenia Nybelin, 1942, Postgangesia Akhmerov, 
1969, Ritacestus de Chambrier, Scholz, Ash and Kar, 2011, Siluro taenia 
Nybelin, 1942, and Vermaia Nybelin, 1942, in the shape of the scolex, which 
is rosette-like and possesses 4 prominent lobes indented posteriorly, each 
bearing a small spherical sucker in its center (Figs. 1-4, 12), and a large, 
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FIGURES 12-14. Pangasiocestus romani n. gen. and n. sp. (VNT 298x; holotype: MHNG INVE 79163) from P. larnaudii, Cambodia, line drawings. 
(12) Scolex, dorsal view. (13) Immature proglottis, dorsal view. (14) Gravid proglottis, dorsal. Abbreviations: ao: apical organ; gc: gland cells; mg: 
Mehlis' gland; ov: ovary; su: sucker; te: testes; ud: uteroduct; ut: uterus; vi: vitelline follicles; vo: ventral osmoregulatory canal. 
apical organ devoid of hooks (Fig. 1-3). It also markedly differs in the 
possession of a very weakly developed inner longitudinal musculature, 
which is formed by a few (about 20-25) isolated muscle fibers that do not 
form bundles (Figs. 15, 16), whereas those of other gangesiine genera form 
numerous bundles of muscle fibers (de Chambrier et aI., 2003; de 
Chambrier, Scholz, and Ibraheem, 2004; Ash et aI., 2010; de Chambrier 
et aI., 2011). Another typical feature of Pangasiocestus, not observed in 
other gangesiine cestodes, is the uneven size of testes, which are considerably 
smaller and denser laterally than in the median field (Fig. 13). 
Pangasiocestus most closely resembles a recently erected gangesiine 
genus, Ritacestus, proposed to accommodate Proteocephalus ritaii (Verma, 
1926) from Rita rita in India, in the absence of hooks on the rostellum-like 
apical organ, the development of the uterus of type 2 (according to 
de Chambrier, Zehnder et al., 2004), the anterior position of the vagina, 
indistinguishable dorsal osmoregulatory canals in mature, pregravid, and 
gravid proglottids, and the shape and size of the cirrus sac, which is widely 
pyriform, and its length represents only about 14-21% and 10-14% of 
proglottis width, respectively (de Chambrier et aI., 2011; present study). 
Both genera differ from each other, besides the characteristics listed 
above (scolex morphology, development and structure of the inner 
longitudinal musculature, and size and distribution of testes), and in a 
different number of vitelline follicles in lateral bands (usually formed by a 
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FIGURES 15-19. Pangasiocestus romani n. gen., and n. sp. from P. larnaudii, Cambodia, line drawings. (15) Cross section at level of the anterior part 
of proglottis (VNT 297; paratype: MHNG INVE 75450). (16) Cross section at level of the ovary (VNT 298x; holotype: MHNG INVE 79163). (17) 
Terminal genitalia, dorsal (VNT 298y; paratype: IPCAS C-611). (18) Cross section at level of the vagina, showing the vaginal sphincter (VNT 298x; 
holotype: MHNG INVE 79163). (19) Immature eggs (VNT 298y; paratype: IPCAS C-611). Abbreviations: cc: chromophilic cells; ci: cirrus; cs: cirrus 
sac; do: dorsal osmoregulatory canal; du: uterine diverticula; em: bi-Iayered embryophore; 1m: internal longitudinal musculature; oe: outer envelope; ov: 
ovary; te: testes; ut: uterus; va: vas deferens; vc: vaginal canal; vi: vitelline follicles; vo: ventral osmoregulatory canal; vs: vaginal sphincter. 
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single row of follicles in the former genus, but by several rows of follicles 
in Ritacestus; de Chambrier et aI., 2011). 
Pangasiocestus and Ritacestus share the development of the uterus 
of type 2, in contrast to the other genera within the Gangesiinae 
(Electro taenia, Gangesia, Postgangesia, Siluro taenia, and Vermaia), which 
have the development of the uterus of type I. Pangasiocestus also shares 
the absence of hooks in the apical organ with Postgangesia and Ritacestus, 
but it does not bear retractor muscles present in all the genera cited 
above. 
Pangasiocestus romani n. sp. 
(Figs. 1-19) 
Diagnosis (based on 5 specimens from Pangasius larnaudii from 
Cambodia; measurements in micrometers unless otherwise stated): Proteo-
cephalidae, Gangesiinae. Body medium sized, 51-68 mm long, with 
maximum width 1.35 mm. Strobila covered with capilliform filitriches 
(data not shown). Holotype consisting of 123 acraspedote proglottids: 73 
immature, 6 mature, and 44 pregravid and gravid. 
Internal longitudinal musculature weakly developed, formed by a few 
(about 20-25) isolated muscle fibers (Figs. IS, 16, 18). Ventral osmoreg-
ulatory canals thin-walled, well developed, 15-25 wide (Figs. 15-18); 
dorsal canals indistinguishable in last immature, mature, and gravid 
proglottids (Figs. 13, 14). 
Scolex small, 195-240 long and 280-345 wide, without metascolex, 
rosette-like with 4 prominent lobes 160-200 wide indented posteriorly, 
separated from one another by deep longitudinal grooves, each lobe 
bearing in center small, uniloculate spherical sucker (Figs. 1-4, 12); 
diameter of suckers 65-75. Apical part of scolex contains a large, discoidal 
rostellum-like apical organ, larger than suckers (Figs. 1-4, 12); apical 
organ 100 long and 115-130 wide. Scolex wider than neck (proliferation 
zone); width of neck 195-235. Scolex covered with capilliform filitriches 
(Figs. 5, 9) and gladiate spinitriches interspersed with capilliform 
filitriches (Figs. 6-8, 10, 11). 
Testes medullary, in 1 layer, uneven in size (with smaller, densely packed 
testes laterally; Figs. 13, 14),40-80 long and 35-70 wide, numbering 130-
192 (x = 155, n = 13, CV = 11%), present also in all gravid proglottids 
(Fig. 14). Vas deferens (external sperm duct) strongly coiled, occupying a 
field between cirrus sac and median line of proglottis (Fig. 14). Cirrus sac 
widely pyriform, 140-200 long and 90-170 wide, its length representing 
only 14-21 % of proglottis width (x = 17%, n = 26) (Figs. 13, 14, 17). 
Internal sperm duct wide, coiled; cirrus occupying about 60-80% of length 
of cirrus sac (Fig. 17). Genital pores irregularly alternating, equatorial, 
situated at 45-55% (x = 49, n = 26) of length of proglottis from anterior 
margin (Figs. 13, 14). Genital atrium narrow (Fig. 17). 
Ovary medullary, follicular, bilobed, 630-895 wide, with wide lateral 
lobes. Ovary width represents 72-79% (x = 76%; n = 25, CV = 3%) of 
proglottis width (Figs. 13, 14, 16), ovary length 175-345, representing 21-
28% of proglottis length. Mehlis gland 60-105 wide, representing 6.5-9% 
of proglottis width. Vagina always anterior to cirrus sac, with narrow 
circular vaginal sphincter near genital atrium (Figs. 14, 17, 18). Vitelline 
follicles medullary, penetrating to cortex, i.e., paramuscular (Figs. 15, 16), 
in 2 narrow, lateral bands (dorsal and ventral) composed usually of single 
follicles (Fig. 14) on each side of proglottis from its anterior to posterior 
margin, present also alongside ovarian lobes, but interrupted dorsally and 
ventrally at level of terminal genitalia (Figs. 13,14,17). Bands of vitelline 
follicles represent porally 93-97% of proglottis length and aporally 93-
98% of proglottis length. 
Uterus medullary, of type 2 development (de Chambrier, Zehnder et aI., 
2004). Uterine stem first appears as wide longitudinal concentration of 
chromophilic cells (uterine glands) along median line in immature 
proglottides. Lumen of uterus appears in last immature proglottids. 
Uterine diverticula (lateral outgrowths) extending laterally with apex 
covered by dense chromophilic cells (Figs. 13, 16). In mature proglottids, 
lateral diverticula occupy up to 20% of proglottis width. Eggs appear soon 
after first appearance of spermatozoids in vas deferens. In gravid 
proglottids, lateral diverticula occupy up to 64% of proglottis width, 
numbering 19-27 on each side (Fig. 14), lined with band of uterine glands. 
Mature eggs, i.e., with fully formed oncosphere, not present. Immature 
eggs, spherical, with hyaline outer envelope, 45-55 in diameter, and thick, 
round embryophore, consisting of 2 layers, outer layer and nuclei-
containing inner layer, 24-27 in diameter (n = 16) (Fig. 19). 
Taxonomic summary 
Type and only host: Pangasius larnaudii Boucourt, 1866 (Siluriformes: 
Pangasiidae ). 
Site of infection: Anterior part of the intestine. 
Type locality: Prek Toal, Tonie Sap Lake, Cambodia (13°14'N, 
103°40'E). 
Infection rate: Three fish of 8 examined in Tonie Sap were infected with 
a total of 5 tapeworms; conspecific hosts (n = 5) from a fish market in 
Phnom Penh were negative. 
Deposition of specimens: Holotype (l whole mount with a complete 
specimen and 7 slides with cross sections from the host of the field 
number VNT 298x, collected on 15 October 2010), deposited in the 
Natural History Museum in Geneva, Switzerland (MHNG INVE 79163), 
1 slide with cross sections deposited in the Institute of Parasitology, BC 
ASCR, Ceske Budejovice, Czech Republic (Coli. No. IPCAS C-611); 
1 paratype (l whole mount with a specimen without scolex, 10 slides with 
cross sections and 1 slide with longitudinal sections of scolex; VNT 297: 
MHNG INVE 75450); 1 paratype (VNT 298y, Coil. No. IPCAS C-611); 
I paratype (1 whole mount with an immature specimen, VNT 270; scolex 
used for SEM studies: MHNG INVE 75449); 1 paratype (1 whole mount 
with a specimen and 14 slides with scolex and cross sections ofproglottids; 
VNT 298a: MHNG INVE 75451); vouchers (3 slides with cross sections; 
VNT 298a: IPCAS C-611). 
Etymology: The specific name romani is dedicated to Dr. Roman 
Kuchta from the Institute of Parasitology in Ceske Budejovice, for his 
contribution to the systematics of basal cestodes and for his help in 
collecting fish tapeworms in Cambodia in October 2010. 
Remarks 
Pangasiocestus romani is the type and only species of Pangasiocestus and 
differs from other proteocephalidean cestodes by the characteristics listed 
in the generic diagnosis of the genus (see above). 
DISCUSSION 
Four species of Pangasius catfish from Vietnam were previously 
reported to harbor proteocephalidean cestodes, but tapeworms 
found by Te (1989) and Te et ai. (1991) were undoubtedly 
misidentified (see Arthur and Te, 2006, and Introduction). Since 
voucher specimens are not known to exist and most probably 
were not deposited in any collection, as realized during the present 
authors' visit to Hanoi in 2010, it is impossible to identify these 
cestodes. Te (1989) and Te et ai. (1991) may have found tape-
worms with a prominent apical structure, which resembled 
G. osculata possessing a large apical sucker (Scholz et ai., 1998). 
It cannot be ruled out that tapeworms found in northern Vietnam 
were congeneric or even conspecific with P. romani, even though 
they were found in different species of Pangasius and in a distant 
river system (Red River basin). 
Host specificity of P. romani is actually not known, and it may 
have a wider spectrum offish hosts. However, no tapeworms were 
found in congeneric hosts (3 Pangasius djambal Bleeker and 7 
Pangasius polyuranodon Bleeker examined) or another pangasiid 
from the type locality (Pangasianodon hypophthalmus). More data 
are necessary to clarify the spectrum of fish hosts of P. romani and 
its distribution area, which may well include northern Vietnam, 
from where proteocephalidean cestodes were reported (Arthur 
and Te, 2006). 
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A NEW HAEMOCYSTIDIUM (APICOMPLEXA: PLASMODIIDAE) SPECIES OF THE DHUB 
LIZARD, UROMASTYX AEGYPTIA MICROLEPIS, IN ABU DHABI, DISTINGUISHED BY THE 
ABSENCE OF PIGMENT 
Sam R. Telford Jr., M. A. Peirce*, and J. Samourt 
The Florida Museum of Natural History, University of Florida, Gainesville, Florida 32611. e-mail: bludpara@netzero.net 
ABSTRACT: The spiny-tailed lizard, Uromastyx aegyptia microlepis, in Abu Dhabi is parasitized by Haemocystidium apigmentada n. 
sp., and 2 species of Hepatozoon. The elongate gametocytes of H. apigmentada are 13-19 X 6-9 11m, with length X width (LW) 90-
133 !J.ffi2, and LIW ratio 1.56-3.17. Gametocyte dimensions do not differ by sex. Gametocytes are unpigmented. Hepatozoon species I 
has gamonts with a consistently terminal nucleus, with dimensions of 13-16 X 4.5-7 11m, LW of 58-104 11m2, and LIW ratio of 2.00-
3.22. Hepatozoon species 2 gamonts have a broad nucleus at the midbody, and dimensions of 13-15.5 X 5-7 11m, LW of 71-109 !J.ffi2, 
and LIW ratio of 1.93-3.00. 
Species of the plasmodiid Haemocystidium parasitize lizards of the 
Gekkonidae, Agamidae, and Opluridae in Australia, southern Asia, 
East and North Africa, Madagascar, and southern Europe. The 
parasites are characterized by gametocytes with moderate to large 
pigment granules which are dispersed throughout the cytoplasm in 
most species. Merogony, where known, occurs in the endothelium of 
blood vessels and connective tissue of the heart, lungs, liver, spleen, 
kidneys, and between muscle masses of the femur (Telford, 1996). 
During a field study from 2006-2009 on the population ecology 
and health parameters of the dhub lizard, Uromastyx aegyptia 
micro/epis, in Abu Dhabi (Naldo et aI., 2009), and separately in 
2010 and 2011, blood slides were obtained from 24 of the lizards; 
gametocytes of a hemosporidian species were present in 10 of 
these animals. These had the morphology of Haemocystidium 
species but all were unpigmented. In addition, 22 of 24 of the 
lizards from Abu Dhabi showed infections by 2 species of 
Hepatozoon, 1 of which may be con specific with a hemogregarine 
reported from Egyptian U aegyptia. The description of these 
hemoparasites herein is based on blood stages only, and a formal 
description is provided for the new Haemocystidium species. 
MATERIALS AND METHODS 
Taxonomic characters used for hemogregarines were described by Telford 
et al. (2001), and those for the Haemocystidium species from Telford (1996). 
All measurements, obtained by a calibrated ocular micrometer, are in !J.ffi 
with means and SD, followed by ranges in parentheses, or in the case of LW 
(length X maximum width) values, !J.ffi2. Comparisons were made by I-way 
ANOVA on transformed data (log x + I) with significance set at P < 0.05. 
Differences noted below (smaller, larger, greater, less, etc.) were statistically 
significant; the phrase "similar to" indicates that significant differences were 
not present. Gametocytes from each infection were screened under polarized 
light for detection of hemozoin. 
DESCRIPTION 
Haemocystidium apigmentada n. sp. 
(Figs. 1-16) 
Immature stages: Smallest stages observed 1.5 X 1.0 !J.ffi, ovoid, with 
nearly equal division into nucleus at 1 end and cytoplasm at other end. At 
2.0 X 1.5 11m, a single vacuole often present, rarely absent at 4.0 X 1.5 11m 
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(Fig. 1), always visible, and usually terminal from 5.0 X 2-3 !J.ffi, (Figs. 3, 
4), often numbering 2-3. Immature gametocytes typically elongate and 
slender (Figs. 3-6), occasionally with cytoplasmic projection from 1, or 
both, ends; rarely oblong in shape. Small gametocytes sometimes appeared 
binucleate (Figs. 2, 3). When visible in gametocytes 10-12 X 3.5-4.0 11m, 
nuclei 1.5-3.0 X 1.5-2.5 11m, usually at midbody. Gametocytes 12-14 X 
4.0-4.5 !J.ffi approaching maturity, often multiply-vacuolated, but not yet 
differentially staining by sex. 
Gametocytes: Elongategametocytes 16.7 ± 1.4 X 6.6 ± 0.7!J.ffi(13-19 X 6-
9, N = 50), LW 110 ± 11.249!J.ffi2 (90-133), with a LIW ratio 2.5 ± 0.34 (1.6-
3.2) (Figs. 7-16). Gametocyte dimensions do not differ by gender; macroga-
metocytes (Figs. 7-12) 16.7 ± 1.6 X 6.6 ± 0.7 !J.ffi (13-19 X 6-9, N = 24), LW 
112 ± 11.2!J.ffi2 (93-133), LIW ratio 2.5 ± 0.41 (1.6-3.2), microgametocytes 
(Figs. 13-16) 16.6 ± 1.2 X 6.5 ± 6.6!J.ffi (15-19 X 6.0-8.0, N = 26), LW 108.2 
± 11.2!J.ffi2 (90-126), LIW ratio 2.6 ± 0.3 (1.9-3.2). When visible, nuclei of 
macrogametocytes were compact and small, rounded to oblong in shape. 
Small azurophilic granules (volutin) common in gametocytes but did not 
refract under polarized light. One to 12 small vacuoles in macrogametocytes; 
fewer, 2 or 3, and larger vacuoles in microgametocytes. Most gametocytes 
irregular in shape, never halteridial, but lateral or lateropo1ar within host cells, 
sometimes nearly filling host cell (Figs. 13, 14). Infected erythrocytes 31 % 
larger in size than uninfected cells, almost all (96%) distorted to some degree 
by enlargement. Most nuclei similar in size to those of uninfected cells, but 
displaced (92%) and seldom distorted (18%). 
Taxonomic summary 
Type host: Uromastyx aegyptia microlepis. 
Other hosts: Probably Uromastyx leptieni, which is sympatric with the 
type host (Naldo, et al.;2009) and not distinguished from it during sampling. 
Type locality: United Arab Emirates, Abu Dhabi, -70 km NE Abu 
Dhabi City, Wrsan (24°36'32.44"N, 54°48'7.09"W). 
Prevalence: Ten of 23 (43.5%). 
Site of infection: Erythrocytes. 
Material deposited: Hapantotype blood films U.S. National Parasite 
Collection (USNPC) Beltsville, Maryland, no. 104883.01. Other hapanto-
types retained for deposition with the Telford collection. Symbiotype host 
not deposited. 
Etymology: The specific name refers to the unique absence of pigment 
visible under polarized light. 
Remarks 
Most positive lizards were collected in Mayor early June 2006 (5 of 6 
positive) or 2009 (2 of 7) and the remainder in December 2009 (1) and 
April 2011 (2). Two infections only (May 2006 and April 2011) were 
largely comprised of young gametocytes. 
DESCRIPTION 
Hepatozoon sp. 1 
(Figs. 17-22) 
Gamonts: Apparently mature gamonts (Figs. 17-22), not recurved, 13.8 ± 
1.0 X 5.5 ± 0.9!J.ffi (13-16 X 4.5-7.0, N = 10), LW 76.0 ± 16.3 !J.ffi2(58-104), 
LIW ratio 2.6 ± 0.4 (2.0-3.2). Nucleus 5.3 ± 0.8 X 4.4 ± 0.6.0 !J.ffi (3.5-6.5 X 
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FIGURES 1- 16. Haemocystidium apig-
mentada n. sp. in the erythrocytes of 
Uromastyx aegyptia micro/epis from Abu 
Dhabi. (1-6) Immature gametocytes, (2, 
3) binucleate. (7,8) Gametocytes nearing 
maturity. (9-12) Macrogametocytes. (l~ 
16) Microgametocytes. Bars = IO~. 
3.O-S.0, N = 10), LW 23.3 ± 6.1 11m2 (l0.S-32.S). Nucleus consistently 
terminal in first quarter of gamont. Gamonts within capsule lie lateral, post-
lateral, or central to erythrocyte nucleus, which often overlies gamont 
(Figs. 18, 19). Host erythrocyte length, nuclear length, and LW greater than 
uninfected cells, but narrower width. Sporogony unknown. 
Hepatozoon sp. 2 
(Figs. 18-28) 
Gamonts: Apparently, mature gamonts (Figs. 18-28) not recurved, 14.1 
± 0.8 X 6.1 ± 0.6 11m (l3-IS.S X S- 7, N = 10), LW 86.1 ± 10.7 11m2 (71 -
109), UW ratio 2.3 ± 0.3 (\.9-3.0). Nucleus 4.7 ± 1.2 X S.4 ± O.SI1I11 (3.0-7.0 
X S.0-6.S, N = 10), LW 2S.I ± 6.9 11m2 (l9.S-42.0). Nucleus typically at 
gamont midbody (80%) or in second quarter. Gamonts within capsule 
usually lateral to erythrocyte nucleus, and always displaced. Host erythrocyte 
length, nuclear length, and L W similar to uninfected cells, but nucleus length 
greater and width narrower. Except when capsule becomes opaque (Fig. 28), 
gamonts have prominent vacuoles as they near maturation size (Fig. 23) or at 
normal maturation size (Figs. 24-27). Sporogony unknown. 
Remarks 
In the paper on the effects of sporogony on experimental mosquito 
vectors (Rashdan, 2007), a Hepatozoon sp. from Uromastyx micro/epis 
collected in Saudi Arabia was not described morphologically nor were its 
gamonts illustrated. One of the 2 species described morphologically above 
(hopefully, not both species) from H. aegyptia micro/epis from Abu Dhabi 
is very likely the Hepatozoon sp. studied by Rashdan (2007). In total, 21 of 
the 23 Uromastyx examined here were infected by Hepatozoon species, S 
by Hepatozoon sp. I only, and 16 by both hemogregarine species. 
DISCUSSION 
The pigmented hemosporidian parasites of lizards, previously 
considered to be species of Haemoproteus because of the absence of 
meronts in blood cells (Paperna and Landau, 1991), were reassigned 
to Haemocystidium Castellani and Willey, 1904 by Telford (1996) 
because the structure of meronts in the tissues showed no evidence of 
cytomere formation, which is characteristic of Haemoproteus 
degiustii in turtles and Haemoproteus mesnili in cobras (Telford, 
2007, 2008). Rather, apparent phanerozoites of Haemocystidium 
papernai and Haemocystidium kopki (Telford, 1996) and Haemocys-
tidium Iygodactyli (Telford, 2005) differ little from phanerozoites of 
reptilian Plasmodium species (Telford, 1998, 2008). Haemocystidium 
spp. differ from Plasmodium spp. by the absence of erythrocytic 
meronts in circulating blood. 
Young gametocytes sometimes contain 2 or even 3 nuclei in 3 
Haemocystidium species, i.e., H. papernai and Haemocystidium 
quettaensis (Telford, 1996) and H. lygodactyli (Telford, 2005). These 
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FIGURES 17-28. Hepatozoon spe-
cies in erythrocytes of Uromastyx 
aegyptia microlepis from Abu Dhabi. 
(17- 22) Hepatozoon species I. (22) 
Triple infection of host ceIL (23-28) 
Hepatozoon species 2. (23) Immature 
gamont. (28) Encapsulated gamont 
becoming opaque. Bars = 10 ~m. 
are not evidence of asexual parasites (meronts) in erythrocytic 
parasites per se. In H. lygodactyli, 2 or 3 nuclei persisted in 
gametocytes throughout their maturation, first appearing on day 14 
of observation in 5% of the parasite population, then in 34% on day 
49, and present in mature gametocytes from day 28 (Telford, 2005). 
This possibly represents an aberration in early nuclear development 
of gametocytes but is known now from 4 of the 16 species of 
Haemocystidium (papernai, quettaensis, lygodactyli, and apigmentata). 
Haemocystidium apigmentada is uniquely different from the 
other IS described species of the genus (Paperna and Landau, 1991; 
Telford, 2008) by the absence of pigment demonstrable by refraction 
of polarized light. This may be a comparable parallel to the presence 
of several unpigmented Plasmodium species (subgenus Garnia) in 
Neotropical and Caribbean lizards (Telford, 2008). The 2 Hepato-
zoon spp. found both show distinctions from almost all other species 
in the genus, i.e., the typical presence of a terminal nucleus in species 
1 and extensive cytoplasmic vacuolation in species 2. 
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A NEW MORPHOLOGICALLY DISTINCT AVIAN MALARIA PARASITE THAT FAILS 
DETECTION BY ESTABLISHED POLYMERASE CHAIN REACTION-BASED PROTOCOLS 
FOR AMPLIFICATION OF THE CYTOCHROME B GENE 
Pavel Zehtindjiev, Asta Krizanauskiem!*, Staffan Benscht, Vaidas Palinauskas*, Muhammad Asghart, Dimitar Dimitrov, 
Sergio Scebbat, and Gediminas Valkifinas*§ 
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ABSTRACT: Plasmodium polymorphum n. sp. (Haemosporida, Plasmodiidae) was found in the skylark, Alauda arvensis (Passerifonnes: 
Alaudidae), during autumnal migration in southern Italy. This organism is illustrated and described based on the morphology of its blood 
stages, The most distinctive feature of this malaria parasite is the clear preference of its blood stages (trophozoites, meronts, and 
gametocytes) for immature red blood cells, including erythroblasts, Based on preference of erythrocytic meronts for immature red blood 
cells, P. polymorphum is most similar to species of the subgenus Huffia. This parasite can be readily distinguished from all other bird 
malaria parasites, including Plasmodium (Huffia) spp., due to preferential development and maturation of its gametocytes in immature 
red blood cells, a unique character for avian Plasmodium spp. In addition, the margins of nuclei in blood stages of P. polymorphum are 
markedly smooth and distinct; this is also a distinct diagnostic feature of this parasite. Plasmodium polymorphum has been recorded only 
in the skylark; it is probably a rare parasite, whose host range and geographical distribution remain unclear. Microscopic examination 
detected a light infection of Plasmodium relictum (lineage GR WII, parasitemia of <0.0 I %) in the same sample with P. polymorphum; the 
latter parasite clearly predominated (3.5% parasitemia). However, experienced researchers were unable to detect sequences of 
mitochondrial cytochrome b gene (cyt b) of P. polymorphum from the microscopically positive sample by using published and newly 
designed primers for DNA amplification of avian Plasmodium spp, The light parasitemia of p, relictum was easily detectable using several 
polymerase chain reaction (PCR)-based assays, but P. polymorphum was undetectable in all applied assays. Quantitative PCR also 
showed the presence of light parasitemia (0.06%) of the lineage GRWll in this sample. This supports the conclusion that the 
morphologically distinct parasite observed along with P. relic tum and predominant in the sample is genetically dissimilar from the lineage 
GRWII based on cyt b sequence, In samples with co-infections, general PCR protocols tend to favor the amplification ofthe parasite with 
the higher parasitemia or the amplification with the best matching sequence to the primers, Because the parasitemia of P. polymorphum 
was >50-fold higher than that of P. relictum and several different primers were tested, we suggest that the failure to amplify P. 
polymorphum is a more complex problem than why co-infections are commonly overlooked in PCR-based studies. We suggest possible 
explanations of these results and call for additional research on evolution of mitochondrial genome of hemosporidian parasites, 
Malaria is caused by > 150 species of haemosporidian parasites 
(Haemosporida) belonging to Plasmodium (Valkiunas, 2007), This 
disease continues to kill and weaken humans, birds, and other 
vertebrates, and it is a growing threat to biodiversity and health 
(Atkinson et ai., 2000; Ishak et ai., 2008; Knowles et ai., 2009; 
Levin et ai., 2009; Sinden, 2009; Palinauskas et ai., 2011). 
Pathogenicity of many avian malaria parasites remains insuffi-
ciently investigated in wildlife (Palinauskas et ai., 2008, 2011). 
Recent molecular studies have revealed huge genetic diversity of 
avian Plasmodium spp. and related haemosporidians and demon-
strated their complexity in terms of host-parasite speciation and 
evolution. The number of haemosporidian genetic lineages that can 
be considered as distinct evolutionary entities is significantly 
greater than the number of species described using traditional 
biological characters (Ricklefs and Fallon, 2002; Bensch et ai., 
2004; Martinsen et ai., 2008). Further work is needed to identify the 
diversity of Plasmodium spp. at the species level and to understand 
speciation mechanisms of these widespread and frequently deadly 
parasites. A combination of advanced molecular and microscopic 
methods is essential for reliable comparative malaria studies 
(Valkilinas et ai., 2011); this approach is already an established 
practice in current wildlife haemosporidian research in reptiles, 
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birds, and some groups of mammals (Bensch et ai., 2009; Perkins 
and Austin, 2009; Valkilinas et ai., 2009; Megali et ai., 2011). 
During a study of avian blood parasites in southern Italy 
(Zehtindjiev et ai., 2012), a malaria parasite with unique 
morphology of its blood stages was found in the skylark, Alauda 
arvensis. This species is widely distributed in the Palearctic (Cramp, 
1988), but it is undergoing a rapid population decline in western 
Europe (Donald et ai., 2006). Because emerging haemosporidian 
infections have been reported in skylarks and might negatively 
influence this bird health (Zehtindjiev et ai., 2012), the records of 
undescribed pathogens in skylarks are of particular interest for 
conservation biology. It is the purpose of this paper to describe 
and name this new parasite, belonging to the genus Plasmodium. 
Interestingly, microscopic examination of blood films revealed 
clearly visible co-infection of the readily distinguishable new 
malarial parasites and also a light parasitemia of Plasmodium 
relictum. However, standard molecular protocols used to detect 
avian malaria parasites and related haemosporidians only con-
firmed sequences of P. relic tum. Here, we tested several established 
molecular protocols to find the sequence of the cytochrome b gene 
(cyt b) of this parasite, but we failed. We also used real-time 
quantitative polymerase chain reaction (qPCR) to confirm the new 
parasite is not a morphologically atypical form of P. relictum. We 
do not know the reason behind our failure of amplifying the cyt b 
gene of this parasite, but we discuss possible explanations and 
suggest critical experiments needed that might resolve this mystery. 
MATERIALS AND METHODS 
Collection of samples 
One hundred and forty-six skylarks (42 males, 94 females, and 10 birds 
of unidentified sex) were caught in the mouth of the River Volturno 
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TABLE 1. Morphometry of mature meronts and gametocytes of Plasmo-
dium polymorphum (n = 21). 
Meront 
Length 
Width 
Area 
Feature 
No. of merozoites 
No. of pigment granules 
Macrogametocyte 
Length 
Width 
Area 
Nucleus 
Length 
Width 
Area 
No. of pigment granules 
Microgametocytet 
Length 
Width 
Area 
Nucleus 
Length 
Width 
Area 
No. of pigment granules 
Measurement (I1m)* 
6.8-9.7 (8.3 ± 0.7) 
4.2-8.4 (6.0 ± 1.2) 
22.9-53.2 (34.2 ± 7.4) 
6-14 (9.1 ± 2.4) 
4-10 (7.1 ± 1.7) 
6.4-9.6 (8.2 ± 0.9) 
4.0-6.3 (5.0 ± 0.5) 
19.6-41.1 (30.4 ± 6.2) 
2.1-4.5 (3.1 ± 0.5) 
1.4-3.1 (2.2 ± 0.4) 
3.1--6.7 (4.5 ± 1.0) 
5-17 (10.7 ± 3.7) 
6.7-12.1 (9.5 ± 2.2) 
4.6-9.0 (7.1 ± 1.9) 
38.2-65.1 (53.8 ± 11.3) 
4.7-6.7 (5.2 ± 1.0) 
3.7-5.3 (4.3 ± 0.7) 
11.4-18.3 (14.1 ± 3.1) 
16-23 (18.8 ± 3.0) 
* Minimum and maximum values are provided, followed in parentheses by the 
arithmetic mean and SD. 
t Number of measurements, n = 4. 
(41°02'N, 13°5YE), southern Italy, located 40 Ian north of Naples, during 
autumnal migration between I and 30 October in 2006 and 2007. The age 
of these birds cannot be determined at this time of year; their sex was 
identified by amplifying introns of the CHDIZIW gene with the primers 
0057F and 002R developed by Debora Arlt (see Round et al., 2007). The 
birds were attracted by tape-luring using the male spring song; they were 
caught in mist nets or traps and banded to avoid re-sampling. Additional 
sampling details were described by Zehtindjiev et al. (2012). 
Blood samples were taken by puncturing the brachial vein. Blood films 
were air-dried, fixed in absolute methanol in the field, and then stained 
with Giemsa in the laboratory, as described by Valkiiinas, Iezhova et al. 
(2008). A complementary blood sample (20-50 111) was collected using 
heparinized microcapillaries and stored in non-lysis SET-buffer (Hellgren 
et aI., 2004). The samples were stored at ambient temperature in the field 
and later frozen at -20 C in the laboratory. The blood samples were 
analyzed by molecular methods between I and 24 mo after their collection. 
All birds were investigated for haemosporidian parasites by using both 
PCR-based methods and microscopic examination of stained blood films. 
Examination of blood films and parasite morphology 
A BX51 light microscope equipped with a DPI2 digital camera and 
imaging software DP-SOFT (all from Olympus, Tokyo, Japan) was used 
to examine blood slides, prepare illustrations, and take measurements. 
Blood films were examined for 10-15 min at low magnification (X400), 
and then at least 100 fields were studied at high magnification (X 1,000), as 
described by Valkiiinas, Iezhova et al. (2008). Entire blood films with new 
species were examined microscopically; > 300 parasites of new species at 
all stages of their development were investigated. The appropriate image 
material is available on USB memory stick (accession 47776NS) in the 
collection of the Institute of Ecology, Nature Research Centre, Vilnius, 
Lithuania. The morphometric features studied (Table I) were those 
defined by Valkiiinas (2005). Intensity of infection was estimated as a 
percentage by counting of the number of parasites per 1,000 red blood 
cells or per 10,000 red blood cells if infections were light, i.e., <0.1 %, as 
described by Godfrey et al. (1987). 
Extraction of DNA, PCR, sequencing, and analysis 
For total DNA extraction from blood, we used a standard ammonium 
acetate method (Sambrook et aI., 2002). One sample from I individual 
bird infected with a previously undescribed Plasmodium sp. was identified 
using microscopic examination. Diluted total DNA from this sample was 
used as the template in PCR assays for detection of avian Plasmodium spp. 
parasites. Data on other haemosporidian parasites in the investigated 
skylarks are published in Zehtindjiev et al. (2012). 
Primers for the PCR amplification of the mitochondrial cytochrome b 
gene (cyt b) were obtained from the literature (see Table II). Because the 
new malaria parasite preferably inhabits immature red blood cells and is 
similar to Plasmodium spp. of the subgenus Huffia in this character, we 
also designed specific primers for detection of Plasmodium (Huffia) 
elongatum, a widespread malaria parasite of birds. These primers were 
designed using the published sequence of P. elongatum from GenBank 
(accession DQ368381). New primers were tested using our formerly 
collected samples with experimental infection of P. elongatum (see 
Valkiiinas, Zehtindjiev et aI., 2008). Table II lists all the primer sequences 
used and their optimal annealing temperatures. 
All PCR amplifications were carried out in 25-111 volumes and included 
50 ng of total genomic DNA, 1.5 mM MgCIz, IX PCR buffer, 1.25 mM of 
each deoxynucleoside triphosphate, 0.6 mM of each primer, and 0.5 units 
of Taq DNA polymerase. Different cycling programs were used for 
different primers. 
The cycling programs for 25 cycles for outer reactions with primers 
HaemFNlNR2, HaemFNIlR3N, F2lR2, and HuffF/R were conducted 
using the following conditions: 94 C for 30 sec, annealing at 50 C for 
30 sec, and extension for 45 sec at 72 C. The samples were incubated 
before the cycling reaction at 94 C for 3 min and after the cycling reaction 
at 72 C for 10 min. Nested reaction conditions were identical but were 
performed for 35 cycles instead of 25. 
The cycling program for 35 cycles for outer reaction with primers DW21 
DW4 was conducted using following conditions: 94 C for 20 sec, annealing 
aJ 60 C for I min, and extension for 1.5 min at 72 C. The samples were 
incubated before the cycling reaction at 94 C for 2 min and after the 
cycling reaction at 72 C for 7 min. Nested reaction conditions were 94 C 
for 20 sec, annealing at 50 C for I min, and extension for I min at 72 C. 
Reaction was performed for 35 cycles instead of 25. 
The cycling program for 35 cycles with primers 621F/983R and 3760FI 
4292Rw2 was conducted using following conditions: 94 C for 30 sec, 
annealing at 50 C for 30 sec, and extension for 45 sec at 72 C. The samples 
were incubated before the cycling reaction at 94 C for 2 min and after the 
cycling reaction at 72 C for 10 min. Nested reaction conditions were identical. 
The amplification was evaluated by running 2 III of the final PCR on a 
2% agarose gel. All reactions were accompanied by negative (double-
distilled H20) and positive controls (samples from infected birds, 
confirmed by microscopy) to control for any contamination and to 
confirm success of the PCR. 
Amplified products were precipitated with ammonium acetate and 96% 
ethanol. For sequencing, we used procedures as described by Bensch et al. 
(2000). We used dye terminator cycling se~encing (BigDye®), and the 
samples were loaded on an ABI PRISMT 3100 capillary sequencing 
robot (Applied Biosystems, Foster City, California). Sequencing was done 
in both directions using forward and reverse primers (internal primers in 
case of nested reactions). Sequences were edited and aligned using the 
software Bioedit (Hall, 1999). 
Parasite quantification by qPCR 
The extracted DNA was diluted to a concentration of I ng/111 for 
quantification of P. relictum (lineage GRWll) infection intensity using 
real-time qPCR. Primers GRW4/11F, GRW4/11R (see Zehtindjiev et al., 
2008) were used to amplify a fragment (101 base pairs [hpj) of the cyt b 
gene. To obtain accurate measurement of host DNA, a second reaction 
was carried out with host specific primers, as described by Asghar et al. 
(2011). A standard curve was produced to measure parasite DNA by 5X 
dilutions of I infected sample (0.4% parasitemia of P. relictum) with DNA 
of uninfected great reed warbler (Acrocephalus arundinaceus). We 
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recalculated the relative infection intensity from the standard curve after 
adjusting for the total host DNA content in the sample. 
RESULTS 
Microscopic investigation 
A co-infection of P. relictum (Figs. 1-4) and a readily 
distinguishable undescribed new malaria parasite (Figs. 5-36) 
was recorded. Based on microscopic quantification in blood films, 
intensity of parasitemia of these parasites was <0.01 % and 3.5% 
in the type material, respectively. These 2 species can be readily 
distinguished from each other even based on morphology of their 
single cells, primarily due to the clear preference of the new 
species to develop in immature red blood cells and the markedly 
smooth and distinct margins of nuclei in its blood stages. Neither 
of these features is characteristic of P. relictum (compare Fig. 2 
with Figs. 33, 34). 
Molecular detection of parasites 
Using 5 different PCR-based protocols (Table II), only P. 
relictum (lineage GRWll) was detected in the sample and was 
microscopy positive both for P. relic tum and the new parasite 
species. "Double bases" were absent from all obtained electro-
pherograms of cyt b sequences, indicating absence of co-
amplification. Two of the PCR assays failed to detect any 
malarial infections in the same sample (Table II). The new primer 
pair, designed for detection of P. (Huffia) elongatum and 
exclusion of P. relic tum, effectively detected P. elongatum 
infection in control samples and, as expected, did not amplify 
P. relic tum in the focal sample. However, the new parasite species 
also failed to amplify with these P. (Huffia) elongatum-specific 
primers. 
Parasite quantification by qPCR 
The qPCR revealed parasitemia of P. relictum (GRWll) at 
0.06%, a result close to the results of microscopic quantification. 
This supports the conclusion that the morphologically distinct 
new parasite observed along with P. relictum (GRWll) and 
predominant in the sample, is genetically dissimilar from the 
lineage GR WI 1 based on the mitochondrial cyt b sequence. 
DESCRIPTION 
Plasmodium polymorphum n. sp. 
(Figs. 5-36; Table I) 
Trophozoites (Figs. 5-7): Develop in all types of red blood cells but 
predominantly inhabit immature erythrocytes, including erythroblasts; 
located anywhere in red blood cells, usually do not adhere to their nuclei. 
Smallest trophozoites markedly variable in shape, usually irregular or 
slightly ameboid in outline (Figs. 6, 7); early forms frequently assume 
drop-like shapes (Fig. 5). Cytoplasm plentiful from earliest stages of 
development; does not possess visible vacuoles. Nuclei prominent, 
roundish, with clear, smooth boundaries; located terminally in earliest 
forms (Fig. 5) and assume central position in advanced trophozoites 
(Fig. 7). A few tiny brown pigment granules present; pigment difficult to 
distinguish in trophozoites developing in erythroblasts. Multiple infections 
of I cell common (Figs. 5-7). Advanced trophozoites displace nuclei of red 
blood cells; particularly evident during infection of 1 host cell with several 
parasites (Fig. 5). Trophozoites cause distortion of infected red blood 
cells; they frequently round up (Fig. 6). 
Erythrocytic meronts (Figs. 8-21): Develop in all types of red blood 
cells but predominantly observed in immature erythrocytes, including 
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FIGURES 1-4. Plasmodium relic tum (lineage GR WII) from the blood of skylark (Alauda arvensis). (1) Macrogametocyte. (2) Microgametocyte. (3--4) 
Mature erythrocytic meronts. Long arrows, nuclei of parasites. Short arrows, pigment granules. Giemsa-stained thin blood films. Bar = 10 11m. 
erythroblasts. Mature meronts seen only in immature red blood cells. 
Cytoplasm plentiful from earliest stages of development, usually lacking 
visible vacuoles. Nuclei roundish, gather close to ends in early elongated 
meronts (Figs. 8-10, 14, 17); scattered in advanced meronts (Figs. 20,21). 
Nuclei even in outline, with distinct boundaries, particularly clearly visible 
in early meronts and a characteristic feature of this parasite (Figs. 8-12, 
17, 18). Morphology of meronts varies markedly, depending on maturity 
of host cells, i.e., at similar stage of development, both amount of pigment 
and staining intensity of cytoplasm increase, but size of nuclei decreases in 
meronts inhabiting more advanced red blood cells in comparison with 
younger red blood cells (compare Figs. 9 and 10). Intensity of staining of 
meront nuclei also depends on maturity of their host cells: larger and paler 
stained nuclei present in parasites developing in less mature red blood cells 
(compare Figs. 13 and 14). Size of nuclei decreases markedly as meronts 
mature (compare Figs. 10 and 20). Meronts markedly variable in form, 
ranging from elongate to irregular or roundish (Figs. 8-21). Pigment 
granules small «0.5 11m), variable in shape, golden brown, usually 
grouped. Pigment more prominent in meronts developing in more mature 
red blood cells (compare Figs. 19 and 20). In elongate meronts, nuclei tend 
to gather at I end of parasites, and pigment granules frequently gather on 
opposite end of parasites (Figs. 10, 17). Mature meronts with 9 merozoites 
on average (Table I). Mature merozoites roundish, possess prominent 
nuclei and more or less visible cytoplasm (Fig. 21). Prominent residual 
body with pigment granules present in mature meronts (Fig. 21). Infected 
red blood cells markedly deformed and enlarged; frequently rupture 
before maturation of meronts, particularly during infection of same host 
cell with several parasites. Accordingly, extracellular meronts at different 
stages of development present in plasma (Figs. 22-24). 
Young gametoeytes (Figs. 25-29): Develop mainly in immature red 
blood cells, including erythroblasts, but occasionally seen in nearly mature 
erythrocytes. Multiple infection of same host cell with several parasites 
common (Fig. 26); only I gametocyte reaches maturity in each host cell. 
Nucleus roundish, prominent, with markedly smooth and distinct 
margins. Cytoplasm plentiful, homogenous in appearance; vacuoles not 
seen. Pigment more conspicuous and prominent in gametocytes develop-
ing in more mature red blood cells. Parasites markedly displace host cell 
nuclei and induce rounding up of host cells from earliest stages of 
development (Figs. 25, 28, 29). 
Macrogametoeytes (Figs. 30-34): Develop in immature red blood cells, 
including erythroblasts. Cytoplasm homogenous in appearance, usually 
lacking visible vacuoles. Growing gametocytes of irregular form, 
frequently drop-like (Figs. 30-32); assume close to roundish or oval 
shape as parasites mature (Figs. 33, 34). Parasite nucleus prominent, 
compact, with markedly smooth and distinct margins, variable in form 
and position. Pigment granules roundish or oval, of small «0.5 11m) and 
medium (0.5-1 11m) size, usually grouped in developing gametocytes 
(Figs. 30-32) and scattered in fully grown gametocytes (Figs. 33, 34). 
Fully grown gametocytes occupy entire cytoplasmic space in red blood 
cells; markedly displace host cell nucleus and can enucleate infected cell 
(Fig. 34). 
Microgametoeytes (Figs. 35, 36): General configuration as for macro-
gametocytes with usual haemosporidian sexually dimorphic characters. 
Microgametocytes significantly less numerous than macrogametocytes; 
proportion of macro- and microgametocytes 7: I in type material. 
Taxonomic summary 
Type host: Skylark Alauda arvensis (Passeriformes, Alaudidae). 
Additional hosts: Unknown. 
Type locality: The mouth of River Volturno, southern Italy (41°02'N, 
13°5YE, 20 m above sea level). 
Distribution: This parasite has been recorded only in the type locality so 
far. 
Type material: Hapantotype (accession 47776NS, intensity of parasit-
emia is approximately 3.5%, A. arvensis, southern Italy (41 °02'N 13°55'E), 
collected by P. Zehtindjiev, 16 October 2007) is deposited in the Institute 
of Ecology, Nature Research Centre, Vilnius, Lithuania. Parahapantotype 
(accession USNPC 104771, other data as for the hapantotype) is deposited 
in the U.S. National Parasite Collection, Beltsville, Maryland. 
Site of infection: Trophozoites and erythrocytic meronts can inhabit 
all types of red blood cells but predominantly present in immature 
erythrocytes, particularly erythroblasts. Gametocytes develop and mer-
onts complete maturity only in immature red blood cells. 
Prevalence: One of 146 examined skylarks (0.7%) was infected at the 
type locality. 
Distribution: P. polymorphum has been recorded only at the type locality 
so far. The infected bird was captured during autumnal nocturnal 
migration. It remains unclear where this bird acquired the infection. 
Additional material: The sample of whole blood from the type host 
(original field number LF69693) is deposited in the Institute of Ecology, 
Nature Research Centre, Vilnius, Lithuania. 
Etymology: The species name reflects markedly variable (polymor-
phous) morphology of blood stages of this parasite. 
Remarks 
The most distinctive feature of P. polymorphum is the clear preference of 
both its meronts and gametocytes to inhabit and then reach maturity in 
various immature red blood cells, including erythroblasts. Due to 
maturation of meronts in immature red blood cells, P. polymorphum 
is similar to P. elongatum and Plasmodium hermani belonging to the 
subgenus Huffia (Huff, 1930; Corradetti et aI., 1963; Telford and 
Forrester, 1975). Erythrocytic meronts of other Plasmodium species 
usually do not reach maturity in erythroblasts (Valkiiinas, 2005). Three 
species of avian malaria parasites belong to the subgenus Plasmodium 
(Huffia) , i.e., Plasmodium huffi, P. elongatum, and P. hermani. The main 
diagnostic character of the Plasmodium (Huffia) species is the exoeryth-
rocytic merogony in cells of the hemopoietic system. Tissue merogony of 
P. polymorphum is unknown. Because immature red blood cells were 
numerous in the infected bird, it is possible that this parasite markedly 
activates erythropoiesis, but this warrants further investigation. Plasmo-
dium polymorphum also is similar to Plasmodium (Huffia) species because 
its erythrocytic meronts possess plentiful cytoplasm and are markedly 
variable in shape, size, and their ability to inhabit red blood cells of 
various maturity (from erythroblasts to nearly mature erythrocytes). 
Pending DNA sequence information and additional data on tissue 
merogony, P. polymorphum can provisionally be attributed to the 
subgenus Huffia. 
Plasmodium polymorphum can be readily distinguished from all 
described Huffia species and other avian malaria parasites, primarily 
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FIGUR ES 5- 24. Plasmodium polymorphum sp. nov. from the blood of skylark (Alauda arvensis). (5--7) Trophozoites. (8-21) Erythrocytic meronts. (22-
24) Extracellular remnants of meronts. Long arrows, nuclei of parasites. Short arrows, pigment granules. Arrowhead, residual body with pigment 
granules. Giemsa-stained thin blood films. Bar = 10 !lm. 
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FIGURES 25-36. Plasmodium polymorphum sp. nov. from the blood of skylark (Alauda arvensis). (25-29) Young gametocytes. (30-34) 
Macrogametocytes. (35-36) Microgametocytes. Long arrows, nuclei of parasites. Short arrows, pigment granules. Giemsa-stained thin blood films. 
Bar = 10 [lm. 
due to development and maturation of its gametocytes in immature red 
blood cells, including erythroblasts (Figs. 32, 33, 35). That is a unique 
character of this species. It worth mentioning that nuclei of gametocytes 
are large (Table I); the outline of nuclei in meronts and gametocytes is 
markedly smooth, and boundaries between nuclei and the cytoplasm are 
distinct in meronts and gametocytes of P. polymorphum by using light 
microscopy (Figs. 8-19, 29- 36). These features also are rare morpholog-
ical characters of Plasmodium species and thus warrant ultrastructure 
studies. 
DISCUSSION 
One may ask whether it is justifiable to describe a new species 
of Plasmodium on the basis of a single set of blood films prepared 
from I individual host. Several valid species of avian malaria 
parasites with readily distinct morphological features have been 
described on single records in naturally infected reptiles, birds, 
and mammals (Manwell and Kuntz, 1965; Garnham, 1966; 
Telford, 2009). The morphological characters of blood stages of 
P. po/ymorphum are sufficiently distinct to differentiate this 
parasite from other known species. The type material is of good 
quality; it is deposited in 2 museums and is available for 
taxonomic examination. Intensity of parasitemia is relatively high 
in the hapantotype and parahapantotype blood films; all blood 
stages, which are essential for the differential diagnosis, particularly 
trophozoites and erythrocytic meronts, are numerous in the type 
material. The recorded parasites and their host cells were consistent 
in morphology and with the interpretation that they belong to P. 
polymorphum (see Remarks). Importantly, the original sample of 
whole blood from the type host also is available for future 
examination, so this study is readily repeatable. Because > 430 
skylarks were recently investigated in Europe (Chavatte et aI., 2009; 
Zehtindjiev et aI., 2012) and only 1 bird has been reported infected 
with P. polymorphum, this is probably a rare malaria parasite, 
whose host range and area of transmission remain unclear. If not 
described, information about this morphologically unique haemo-
sporidian might be lost. It is worth mentioning that numerous co-
infections of morphologically diverse malaria parasites were 
reported in skylarks in France. However, Plasmodium spp. 
inhabiting immature red blood cells were not observed (Chavatte 
et aI., 2009). Further popUlation studies of blood parasites in 
skylarks and other bird species breeding and wintering in the same 
ecosystems are needed to understand the origin and diversity of 
malaria parasites in this bird species. 
Pathogenicity and patterns of distribution of P. polymorphum 
remain unclear. Low prevalence of haemosporidian infections in 
birds might be explained in several different ways (Valkiunas, 
2005). First, if emerging in skylarks, this new infection might 
be lethal in non-adapted individuals, resulting in low parasite 
prevalence even if the transmission rate is high (see Olias et aI., 
2011). Second, this parasite might be of patchy transmission, so 
only few populations of this bird might currently be affected. 
Third, the infection might be latent in many infected individuals 
during autumnal migration when the transmission rate is low in 
Europe; thus, this parasite might be difficult to detect using both 
microscopy and PCR-based methods at this time. Fourth, the 
duration of patent parasitemia of this parasite might be short, 
with most persistence in the tissue stages. Further field studies, 
ideally accompanied with experimental research, are needed to 
explain exceptionally low prevalence of P. polymorphum infection 
in skylarks. 
Recent studies using advanced digital microscopy techniques 
combined with PCR-based investigations described numerous 
new Plasmodium species in reptiles (Perkins and Austin, 2009) and 
birds (Valkiunas et aI., 2009). Description of new morpho species 
is in accord with the recent PCR-based studies indicating 
remarkable genetic diversity of haemosporidian parasites (Rick-
lefs and Fallon, 2002; Bensch et aI., 2004; Martinsen et aI., 2008; 
Bensch et aI., 2009; Martinez-de la Puente et aI., 2011). Because 
natural malarial infections are often light and thus are difficult to 
identify to species using microscopic examination of blood films, 
it is essential to develop molecular markers as bar codes to help 
diagnose and identify natural malarial infections. 
All available morphological evidence strongly suggests that P. 
polymorphum is a haemosporidian parasite belonging to Plasmo-
dium. Both the merogony in blood and the presence of malarial 
pigment (hemozoin) in all blood stages support this conclusion. 
Surprisingly, we did not manage to get DNA sequences of P. 
polymorphum by using published PCR protocols and primers for 
amplification of a fragment of the cyt b gene of avian pigment-
forming haemosporidian parasites. Light co-infection of P. 
relictum (lineage GRWII) is present in the sample with P. 
polymorphum; only the former infection, however, was detected by 
PCR here (Table II). The lineage GR WII has been identified 
previously as a member of a closely related group of the 
mitochondrial cyt b lineages of P. relic tum; based on cyt b 
sequences, it is similar to the widespread SGS I lineage of P. 
relic tum (Palinauskas et aI., 2007). Genetic distance between these 
2 cyt b lineages is 0.2%. Mitochondrial DNA of P. relic tum was 
amplified with most of the available primers (Table II); cyt b 
sequences of the lineage GR Wil were recorded without any 
indication of double bases on e1ectropherograms in all positive 
amplifications, suggesting the absence of co-amplification in this 
sample by molecular techniques (Perez-Tris and Bensch, 2005). 
However, P. polymorphum is clearly visible and predominant in 
blood films. These data agree with former conclusions regarding 
insufficient detectability of some haemosporidian co-infections by 
using general primers (Valkiunas et aI., 2006; Martinez et aI., 
2009; Loiseau et aI., 2010). 
The success of different primers in detection of malarial 
infections varied. The primers used by Bensch et al. (2000), 
Richard et al. (2002), Beadell et al. (2004), Hellgren et al. (2004), 
and Waldenstrom et al. (2004) detected P. relic tum (GRWll) 
infection, but they did not recover the sequence of the P. 
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polymorphum infection, which was more intense in the same 
sample, demonstrating that PCR does not always amplify even a 
clearly visible predominant parasite in a sample. PCR protocols 
and primers from Perkins and Schall (2002) amplify long cyt b 
sequences (> 1,000 bp); these primers failed to detect any malarial 
infection during this study (Table II). Because these primers 
amplify rather long fragments, they require abundant starting 
material; 0.06% of P. relic tum (GRWll) might be too little for 
that, but then the new parasite should have amplified. Primers 
specific for P. elongatum also failed to detect P. polymorphum. 
Importantly, qPCR supported presence of light parasitemia of 
P. relic tum (lineage GRWII) in this sample, indicating that P. 
polymorphum is genetically dissimilar from P. relictum. Both 
microscopic quantification (parasitemia <0.01 %) and qPCR 
(0.06%) showed light parasitemia of P. relictum (GRWII), the 
slightly higher estimate by qPCR possibly resulting from 
quantification of merozoites, which might be present in blood 
plasma. Microscopy is of low sensitivity in detection of plasma 
merozoites, particularly in co-infections (Valkiunas, 2005). 
Co-infections of Plasmodium spp. are widespread in wildlife 
and even predominant in some bird species (Loiseau et aI., 2010), 
but they are often undetectable by the currently used molecular 
assays (see Valkiunas et aI., 2006; Martinez et aI., 2009; Loiseau 
et aI., 2010). General PCR protocols tend to favor the 
amplification of the parasite with the higher parasitemia or the 
amplification with the best matching sequence to the primers. 
PCR-based protocols for detection of co-infections should 
certainly be improved. This is particularly important in studies 
aiming to estimate biodiversity of malarial infections in wildlife. 
The development of parasite species-specific primers might be a 
logical step to aid in detecting co-infections with PCR. However, 
our study shows that this might not be an easy task even if 
infections are clearly visible microscopically. In addition, parasite 
species-targeting studies would make PCR-based research expen-
sive in wildlife, where combinations of co-infection are often 
difficult to predict. Development of new protocols for determin-
ing the occurrence of co-infections in naturally infected birds is an 
important problem in wildlife malariology studies. A combination 
of advanced molecular and microscopical approaches should be 
used and remains essential for reliable comparative research of 
haemosporidian parasites. 
However, there might be different explanations for the lack 
of PCR-based detection of P. polymorphum than simply the co-
infection and the primer issues. Because the parasitemia of P. 
polymorphum was >50-fold higher than for P. relictum and 
several different primers were tested, we suggest that the failure to 
amplify P. polymorphum could be a more complex problem than 
co-infections. If it was simply a co-infection case, we should have 
been able to amplify it with some of the primers we have tested 
(Table II). Based on available data, it is difficult to rule out the 
possibility that P. polymorphum has lost its cyt b gene; this also 
might be reflected in its remarkable morphology and ability of all 
blood stages, including gametocytes to inhabit immature red 
blood cells. If that is the case, this parasite should be distantly 
related to Plasmodium spp. and cyt b primers would not amplify 
it. These hypotheses are unexpected given our present knowledge 
about haemosporidian parasite morphology (Valkiunas, 2005) 
and their mitochondrial DNA organization (Wilson and William-
son, 1997), but they are interesting from an evolutionary 
perspective and worth the attention of researchers. The next 
664 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.3, JUNE 2012 
steps in this study should be the investigation of P. polymorphum 
by testing more slowly evolving genes. 
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METRONIDAZOLE INDUCES GAMETOCYTOGENESIS IN GREGARINE ASSOCIATIONS 
MAINTAINED IN VITRO 
Kate Trout and Richard E. Clopton' 
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ABSTRACT: Gametocytogenesis was induced in mature associations of Protomagalhaensia wolfi and Protomagalhaensia blaberae 
maintained in vitro by inclusion of metronidazole in the culture medium, The response was neither strictly dosage dependent nor 
uniform across gregarine species. We hypothesize that metronidazole induces gregarine gametocytogenesis by disrupting pun 
proteins responsible for the translational control of sexual development and gametocytogenesis in apicomplexans. 
Clopton and Smith (2002) and Smith and Clopton (2003) 
tested sulfadimethoxine, metronidazole, and potassium sorbate as 
potential in vivo chemotherapeutic control agents against 2 
gregarine species, Protomagalhaensia granulosae and Blabericola 
cubensis (=Gregarina cubensis), infecting the discoid cockroach 
Blaberus discoidalis. They reported significant reductions in 
gregarine mean intensities for cockroaches treated with sulfadi-
methoxine and metronidazole (80% and 71%, respectively) but 
found no significant reduction in gametocyst production over a 7-
day-long treatment period. They concluded that both compounds 
targeted early developmental stages in the gregarine life cycle, i.e., 
sporozoites and trophozoites, but had no apparent effect on late 
reproductive stages (gamonts). In contrast, potassium sorbate did 
not significantly decrease gregarine mean intensities, but it 
significantly increased the rate of gametocyst production (Smith 
and Clopton, 2003). Johny et al. (2007) reported a 90% reduction 
in mean intensities of the gregarine Boliviana jloridensis in eastern 
Lubber grasshoppers, Romalea microptera, treated with metroni-
dazole (for gregarine identification, see Johny and Whitman, 
2005). Differences in parasite load reduction among these studies 
may reflect differences among individual gregarine species, but 
they are more likely the result of a much larger dosage in the latter 
study (0.4 mg/kg body weight per diem vs. 20 mg/kg body weight 
per diem, respectively). Johny et al. (2007) did not differentiate 
life-cycle stage specific effects or report gametocyst production. 
The effects of metronidazole dosage on gregarine gamonts 
remain unclear. Herein, we describe a method for maintaining 
mature gregarine gamonts in association in vitro using a semi-
defined medium and report the response of these late reproductive 
stages to increased concentrations of metronidazole in the medium. 
MATERIALS AND METHODS 
Protomagalhaensia blaberae and Protomagalhaensia wolfi were main-
tained in vivo using separate breeding colonies of Blaberus boliviensis and 
Nauphoeta cinerea, respectively. Cockroach colonies were maintained in 
22-L polycarbonate containers with coir bedding and cardboard egg-crate 
roosting habitat. Food (Purina® Dog ChoW® brand Dog Food Complete 
& Balanced; Nestle Purina Pet Care Company, St. Louis, Missouri) and 
water were provided ad libitum. 
Gregarine associations for in vitro maintenance and metronidazole 
testing were obtained by dissection. Cockroaches were eviscerated, their 
alimentary canals were dissected in dilute cockroach saline (NaC!, 
120 mM; KCI, 1.35 mM; CaCI2, 1.8 mM; NaHC03, 1.2 mM; modified 
from Griffiths and Tauber, 1943), and mature gregarine associations were 
isolated, triple rinsed in dilute cockroach saline, and transferred by pipette 
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for in vitro culture. Dissections were conducted using ambient light to 
reduce heat transfer to the dissection dish. Associations were maintained 
in a semi-defined media (Griffiths and Tauber with albumin [GTA]). 
Fresh GTA medium was prepared by combining 3 volumes of aqueous 
cockroach saline (NaC!, 240 mM; KCI, 2.7 mM; CaCI2 [supplied as 
CaCh·2H20], 3.6 mM; NaHC03, 2.4 mM; ACS-grade reagents [Spectrum 
Chemical Manufacturing Corporation, New Brunswick, New Jersey]), 
syringe sterilized by passage through an Acrodisc® 25-mm PF syringe 
filter with 0.8/0.2-1ffil supor® low-protein-binding membrane (Pall 
Corporation, Ann Arbor, Michigan), and 1 part fresh chicken egg 
albumin harvested from locally obtained commercial eggs and agitating 
the medium overnight on a slow shaker table at room temperature to 
allow the albumin to disassociate and enter solution. Gregarines were 
maintained in vitro in groups of 20-30 mature gregarine associations in 
GTA contained in I-ml polycarbonate micro-observation cells (Ward's 
Natural Science, Rochester, New York), which were sealed with a 
pressure-fit cover and stored at room temperature. Gregarines maintained 
in this manner retain their gliding mobility and plasmalemmal integrity for 
up to 21 days, but they rarely enter syzygy or form gametocysts. To test 
the effects of metronidazole on syzygy and gametocyst formation, 1 micro-
observation cell culture was used for each replicate of 6 metronidazole 
treatments and a control (GTA). Treatments consisted of GTA medium 
with 1.25,2.5,3.75,6.25,10, or 16.25 mg/L metronidazole. Each treatment 
was replicated 5 times for associations of P. blaberae and P. wolfi, 
respectively. The effect of metronidazole was quantified by counting the 
gametocysts formed by culture day 12. Differences in arcsine-transformed 
proportions among treatments were analyzed using ANOV A (ex = 0.05). 
Fisher's least significant difference tests (95% confidence interval) were 
used to make post-hoc pairwise comparisons among treatments. 
RESULTS 
Metronidazole treatment induced a significant increase in 
syzygy and gametocyst formation for both gregarine species 
tested. For associations of P. wolfi, the percentage of syzygy and 
gametocyst formation differed significantly across 6 levels of 
metronidazole treatment and the untreated control (ANOV A, F 
[6,28] = 11.332, P < 0.0001). For associations of P. blaberae, the 
percentage of syzygy and gametocyst formation differed signifi-
cantly across 6 levels of metronidazole treatment and the 
untreated control (ANOV A, F [6, 28] = 2.828, P < 0.028). 
However, the effect among treatments was not a correlated 
dosage response. 
Figures 1 and 2 present the mean percentage of gametocysts 
formed over 5 trials of an untreated control and 6 levels of 
metronidazole treatment for P. wolfi and P. blaberae, respectively. 
Very few untreated associations entered syzygy to produce 
gametocysts. Of 108 and 95 associations in the control groups 
for P. wolfi and P. blaberae, respectively, only 2 associations of 
P. blaberae formed gametocysts. No control association of P. wolfi 
entered syzygy in vitro. For associations of P. wolfi (Fig. 1), low 
levels of metronidazole induced an insignificant amount of syzygy 
and gametocyst formation (2,3, and 1 gametocysts from 151, 102, 
and 120 associations tested, respectively, for 1.25, 2.5, and 
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FIGURES 1-2. Mean percentage of gametocysts formed over 5 trials of 
an untreated control and 6 levels of metronidazole treatment by mature 
gregarine associations in vitro. Error bars indicate 95% confidence 
interval. Bars underlying identical letters indicate treatment groups that 
are not significantly different (Fisher's least significant difference test, 95% 
confidence interval). (1) Response of mature associations of Protomagal-
haensia wolfi. (2) Response of mature associations of Protomagal-
haensia blaberae. 
3.75 mg/L metronidazole). Significant increases in syzygy and 
gametocyst production were observed only at higher treatment 
levels (20, 27, and 46 gametocysts from 133, 139, and 152 
associations tested, respectively, for 6.25, 10, and 16.25 mg/L 
metronidazole). For associations of P. blaberae (Fig. 2), neither 
low nor high levels of metronidazole induced a significant change 
in syzygy and gametocyst formation (2, 4, 5, and 2 gametocysts 
from 105, 149, 137, and 132 associations tested, respectively, for 
1.25,6.25, 10, and 16.25 mg/L metronidazole). Significant increases 
in syzygy and gametocyst production were observed only at mod-
erate treatment levels (42 and 34 gametocysts from 127 and 122 
associations tested, respectively, for 2.5 and 3.75 mg/L metronida-
zole). The response of gregarine associations to metronidazole in 
vitro over the dosage range tested is observed as a threshold response 
that is saturated and inhibited in P. blaberae but not in P. wolfi. 
DISCUSSION 
Metronidazole (2-methyl-5-nitroimidazole-l-ethanol) is a syn-
thetic pharmaceutical compound with demonstrated action 
against both pathogenic bacterial, e.g., species of Bacteroides, 
Clostridium, and Helicobacter, and protistan, e.g., species of 
Entamoeba, Giardia, and Trichomonas, targets (Johnson, 1993). 
Capable of providing significant reduction in infection intensities 
of young gregarines at sufficiently high doses, the results 
presented herein demonstrate that metronidazole can also induce 
syzygy and gametocyst formation in mature gregarine stages. 
The molecular mechanism inducing gametocytogenesis in 
gregarines is unknown, but it is probably similar to that 
demonstrated for other apicomplexans, particularly Plasmodium 
jalciparum. Gametocytogenesis in P. jalciparum is regulated by 
the RNA-binding protein PjPUF2, which provides translational 
control of the mRNA products that induce sexual development 
and gametocytogenesis (Miao et aI., 2010). Disruption of PjPUF2 
induces gametocytogenesis, and Maio et aI. (2010) suggest that 
the PUF-family RNA-binding proteins are highly conserved and 
probably at work across Apicomplexa. If so, a similar RNA-
binding protein may control gametocytogenesis in gregarines, and 
the results described herein may be the result of the interaction of 
gregarine PUF2 proteins and metronidazole. 
Metronidazole is administered orally as an inactive prodrug 
that enters target and non-target cells via diffusion. In affected 
cells, the nitro group of the prodrug is reduced to a nitro so 
intermediate that will form sulfinamides and thioester linkages 
with cystine-bearing enzymes, deactivating these critical enzymes 
and halting normal cellular metabolism. Reduction of the prodrug 
nitro group requires single electron transfers from a metabolic 
pathway with a very low redox potential, usually pyruvate:ferre-
doxin oxioreductase. Reduction of the prodrug to its cytotoxic 
form and subsequent enzyme linkage maintain a diffusion gradient 
for additional prodrug uptake from the environment. Metroni-
dazole is ineffective in aerobic cells because they lack electron-
transport proteins with sufficiently negative redox potential to 
reduce the prodrug to an active form (Land and Johnson, 1999). 
We suggest that the same mode of action can induce gregarine 
gametocytogenesis. Cui et aI. (2002) elucidated the primary 
structure of PjPUF2 (GenBank AAM44411.1), describing a 514 
amino acid protein with an embedded 259 amino acid PUF RNA-
binding region. The binding region itself includes 11 cysteines, 
suggesting that sulfur bridges underpin the conformational shape 
and function of the protein. We suggest that formation of 
sulfinamides and thioester linkages with cystines by metronida-
zole nitroso intermediates disrupts PUF2 mRNA binding and 
eliminates translational inhibition of gametocytogenesis. 
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Molecular Identification of Larval Bucephalids, Prosorhynchoides ozakii and 
Parabucepha/opsis parasiluri, Infecting the Golden Mussel, Limnoperna fortunei, 
by PCR-RFLP 
Takashl Saba, Oaigo Nakamura, Masatomi Hosoi, and Misako Urabe, Department of Ecosystem Studies, School of Environmental Science, The 
University of Shiga Prefecture, 2500 Hassaka, Hikone, Shiga, Japan. e-mail: f11tbaba@ec.usp.ac.jp 
ABSTRACT: A polymerase chain reactlOn-restnctlOn fragment length 
polymorphism (PCR-RFLP) technique was developed for the molecular 
identification of 2 introduced bucephalid trematodes, Prosorhynchoides 
ozakii and Parabucephalopsis parasiluri. The method was applied for 
sporocysts and cercariae obtained from the golden mussel Limnoperna 
forlUnei collected in the Uji River, Japan. The PCR-RFLP method 
showed that L. fortunei is the intermediate host of both trematode species. 
The present study thus recognizes the risk of L. fortunei, an invasive 
molluscan species, as a potential host for pathogenic trematodes. 
Prosorhynchoides ozakii (Nagaty, 1937) and Parabucephalopsis para-
siluri Wang, 1985 (Digenea: Bucephalidae) were first recorded in 2000 in 
the Uii River, Kyoto Prefecture, central Japan (Urabe et aI., 2001 , 2007). 
The latter species is more abundant and is known to cause severe 
symptoms (parabucephalopsiosis) in several cyprinid fishes (Ogawa et aI., 
2004). The first intermediate host of Pa. parasiluri is the golden mussel 
Limnoperna fortunei, which was introduced by 1992 into Lake Biwa, 
located upstream of the Uii River. This mussel colonized the Uii and Yodo 
Rivers around 1994 (Nakai, 1995). 
Prosorhynchoides ozakii is a digenean first recorded in Silurus asotus 
(Siluridae) in Korea (Ozaki, 1928), then in Pelteobagrus vachellii 
(Bagridae) in China (Wang and Wang, 1998), and in Pangasianodon 
hypophlhalmus (Siluridae), Pe. vachellii (Bagridae), and Saurogobius dobryi 
(Gobiidae) in Vietnam (Moravec and Sey, 1989; Thuy and Buchmann, 
2008). In Japan, Pr. ozakii was first coiiected as metacercariae from Zacco 
platypus and Squalidus chankaensis caught in the Uii River in 2000 (Ogawa 
et aI., 2004) and as adults from Silurus biwaensis caught in the same river 
in 2005 (Urabe et aI., 2007). In the Uji and the Yodo Rivers, the definitive 
hosts are the Lake Biwa catfish S. biwaensis and the Amur catfish S. 
asotus. The second intermediate hosts include cyprinids (Pseudorasbora 
parva and Z. platypus), a centrarchid (Lepomis macrochirus), and a gobiid 
(Tridentiger brevispinis) (Urabe et aI., 2007). The first intermediate host, 
until the present report, was unknown. 
Judging from the timing of the detection of the 2 bucephalids in the Uji 
River, L. fortunei is the most probable first intermediate host for both Pr. 
ozakii and Pa. parasiluri. However, until the present study, there was no 
published information regarding the 2 types of bucephalid sporocysts or 
cercariae in golden mussels from the Uji River. It is possible that we may 
confuse the cercariae of these 2 species because there is little difference in 
sporocyst and cercaria morphology in bucephalid species (Yamaguti, 
1975). Although Pr. ozakii is the less-common species in the Uii and Yodo 
Rivers at present, it is also potentially pathogenic, and information 
regarding its life cycle is needed for the control of the 2 parasites. 
In the current study, we developed a polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP) technique that 
we used to distinguish the 2 bucephalids, and we applied this method to 
sporocysts parasitizing L. fortunei in the Uji River. We confirmed that L. 
fortunei is the first intermediate host of both bucephalids. We discuss the 
potential risk of L. fortunei as a host of pathogenic trematodes. 
Four adult Pa. parasiluri and 3 adult PI'. ozakii were collected from 5 S. 
biwaensis captured in the Seta (upstream of the Uii River) and the Uji 
Rivers during December 2006 and May 2009. The number of samples and 
the host data are shown in Table 1. 
Bucephalid sporocysts were obtained from L. fortunei (shell length 
> 14.9 mm) collected in the Uji River from November 2007 to November 
DOl: lO.1645/GE-2837.1 
669 
2008 (Table II). The specimens were frozen at -5 C until assayed by the 
PCR- RFLP method. 
The tissues of adults and sporocysts were thawed, rinsed twice with T AE 
buffer (40 mM Tris, 20 mM acetic acid, I mM EDTA, pH = 8.0), and 
homogenized in 100 ~l of20 mM TNES buffer (Tris-HCL [PH = 8.0], 5 mM 
EDTA, 400 mM NaC!, 0.3% SDS) including 2.5 ~g proteinase K. The 
homogenates were incubated for 3 hr at 55 C to digest the proteins. The 
solutions were diluted 1 O-fold with pure water and used as templates for PCR. 
The large subunit of the ribosomal DNA (LSU rDNA) DlfD2/D3 region 
was amplified using LSU-S (S'-TAG GTC GAC CCG CTG AAY TTA 
AGC A-3') and 1500R (5'-GCT ATC CTG AGG GAA ACT TCG-3') as 
primers (Olson et aI. , 2003). PCR was performed in 20 ~I of reaction mixture 
containing 0.5 U ExTaq (TaKaRa, Otsu City, Shiga, Japan), I x ExTaq 
Buffer (TaKaRa), 0.2 mM dNTP mixture, 0.5 ~I of template, and 0.5 ~M 
forward and reverse primers using a 2720 Thermal Cycler (Applied 
Biosystems, Foster City, California). The thermocycling profile was as 
follows: 35 cycles of 10 sec at 98 C, 30 sec at SO C, and 60 sec at 72 C. 
To select the restriction enzyme for RFLP, the PCR products of the 2 
bucephalid species were sequenced by DNA sequencing services provided by 
FASMAC Co., Ltd. (Atsugi City, Kanagawa, Japan). These sequences are 
registered in the DNA Data Bank of Japan (Parabucephalopsis parasiluri 
No. AB640884, Prosorhynchoides ozakii No. AB640885). Based on the 
sequences identified, Sca I (restriction site: AGT/ACT) was chosen for the 
RFLP. The PCR products (20 ~l) were incubated for 10 hr at 37 C with 10 U 
Sea I (Roche, Minato City, Tokyo, Japan) in 1 X H buffer (Roche). The 
DNA fragments were then electrophoresed using a 3.0% agarose gel with 
0.01% SYBR Safe (Invitrogen, Carlsbad, California). The banding pattern 
was observed using a transilluminator (Dark Leader, BM Equipment Co., 
Ltd., Bunkyo City, Tokyo, Japan) under a 420-500 nm blue light. 
PCR-RFLP using LSU-S and IS00R primers produced multiple 
fragments (lanes 1 and 2, Fig. I). Considering the annealing sites of the 
primer, the fragments of about 1,300 base pairs (bp) appeared to be the 
specific products. Tht; sequencing analysis (Fig. 2) showed that the 
nucleotide sequences of these fragments were similar to those of other 
bucephalid species, Bucephalus po/ymorphus (A Y289248) and Rhipidoco-
lyle ga/eata (A Y22222S) obtained from DDBJ. The LSU rDNA sequences 
of 3 Pa. parasiluri (1,308 bp) and 2 Pr. ozakii (1,276 bp) exhibited no 
1000 
500 
(bp) 
FIGURE I. Electrophoresis of PCR products and RFLP products of 
LSU rDNA amplified from 2 parasite species. Lane S, DNA size standard; 
lanes 1 and 3, adult of Parabucephalopsis parasiluri; lanes 2 and 4, adult of 
Prosorhynchoides ozakii. 
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10 20 30 40 50 
Parabucephalopsis parasi!uri - - - - - - - - - - - - - - - - A A ACT A A C C A G GAT T C C C T TAG T A A C G G C G 
Prosorhynchoides ozakii - - - - - - - - - - - - -
bucephalid sporocyst T T A C C T TAG G G G G GAG G A A G G . 
Bucephalus polymorphus - A G C G GAG G A A A A G. . . C . 
Rhipidocotyle galeata - - - - - - - - - - - - - - G A A A A G C . 
60 70 80 90 100 
Parabucephalopsis parasi!uri A G T G A A C A G G G A A A A G C C C A A C A C C G A A G C C T G T G G T C A A T T GAT T ACT A 
Prosorhynchoides ozakii . G . . G . . G. . G • C . 
bucephalid sporocyst . G . . G . . G. . G . C . 
Bucephalus polymorph us . G. .... G . . . . T. • G . C . . . . 
Rhipidocotyle galeata . G. .... G . . . . G. . G . C . . . . 
110 120 130 140 150 
Parabucephalopsis parasi!url G G C A A T G T G G T G T T TAG G T CAT C T C G C A G T G G T G C T G C T C CAT C C T A A G T 
Prosorhynchoides ozakii . C . 
bucephalid sporocyst . C . 
Bucephalus polymorphus . CT. 
Rhipidocotyle galeata 
160 170 180 190 200 
Parabucephalopsis parasi!uri C C A A C ACT GAG T A C G G T T G T T T G G A A - T G G C C C A G G GAG G G T G A A A G G C C 
Prosorhynchoides ozakii . . A . 
bucephalid sporocyst .. A . 
Bucephalus polymorphus . CA. . . . A . 
Rhipidocotyle galeata . . A . . • • A . 
210 220 230 240 250 
Parabucephalopsis parasi!uri C G T G G G G G T G GAG A C C A C A G T G C T G C TAT GAG TAG A C C T T G GAG T C G G G T 
Prosorhynchoides ozakii . . . . T . 
bucephalid sporocyst .... T . 
Bucephalus polymorphus . G . . T • 
Rhipidocotyle galeata . C . . . • G . . 
260 270 280 290 300 
Parabucephalopsis parasi!uri T G T T T G T G A A T G C A G C C C A A A G T G G G T G G T A A ACT C CAT C C A A G G C T A A A 
Prosorhynchoides ozakii 
bucephalid sporocyst 
Bucephalus polymorphus 
Rhipidocotyle galeata 
310 320 330 340 350 
~~~=~~;:%:t~7J:~Stz:':iruri : ~ ~:~ ~ ~~ ~ ~ ~ ~: ~ ~~ ~: ~ ~ ~ ~ ~~ ~ ~ ~~: ~ ~ ~~: ~ ~ ~~ ~ ~ ~ ~~:: ~~ ~ ~I 
bucephalid sporocyst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . 
Bucephalus polymorph us ................................................ . 
Rhipidocotyle galeata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . • . . • . . . 
360 370 380 390 400 
Parabucephalopsis parasi!uri 
Prosorhynchoides ozakii 
bucephalid sporocyst 
Bucephalus polymorphus 
Rhipidocotyle galeata 
TTGAAGAGAGAGTAAACAGTACGTGAAACCGTTCAGAGGTAAACG 
410 420 430 440 450 
Parabucephalopsis parasi!uri G G T G GAG T T G A ACT G C A A G C T C T GAG GAT T C A G C T G G T G A A C G T G G T T T G 
Prosorhynchoides ozakii . G . 
bucepha lid sporocyst . G . 
Bucephalus polymorphus . . . . G . . C . . A 
Rhipidocotyle galeata . . . . G . 
460 470 480 490 500 
Parabucephalopsis parasi!uri A -
Prosorhynchoides ozakii 
bucephalid sporocyst 
Bucephalus polymorphus 
Rhipidocotyle galeata 
-GCTTGGGTATATTGGTCGGCTTTTCGGGTTCGCTTAACTGCGGGTCC 
.. C.. .T.C.. .T 
.. C.. .T.C.. .T 
GTG .. A ... T ... AC ..... T.CG. . .. T 
.A ...... CAC ..... T.CG. ...T 
510 520 530 540 
Parabucephalopsis parasi!uri C T G C C C T C C C G G G G G T G G G GAT G C T GAG G T G C T T G T C 
Prosorhynchoides ozakii . T . . G. . A . 
bucephalid sporocyst . T . . G. . A . 
Bucephalus polymorphus . . . T . . - - - . G . . . A . . C A C. . 
Rhipidocotyle galeata . T . T . . - - - - . A . A . . . . . . A . 
550 
CGCGC 
560 570 580 590 600 
Parabucephalopsis parasi!uri T C G GAT C G GAT C G A C G G G C C A G T T C G C C A G T G C ACT T T C T C G GAG TAG T C 
Prosorhynchoides ozakii . . . A GAT . . T . . . C . . . . . . . . 
bucephalid sporocyst . . . A GAT .. T . . . C . . . . . . .. 
Bucephalus polymorphus ... T GA. . . T . . A C. .... G . C . T . 
Rhipidocotyle galeata CT. A GAT . . T . . . C. ......... . 
610 620 630 640 650 
Parabucephalopsis parasi!uri A C C A C G A C C G G C G C T G C T G C T G G T C T G C T G G T G T T A A A C C T G T C G T G TAG 
Prosorhynchoides ozakii . . . T . . A . . G . 
bucepha lid sporocyst . . . T . . A . . G . 
Bucephalus polymorphus ................... T . . . . . . . . . . . . . . . . . . . . . . C. . . . . . . 
Rhipidocotyle qaleata . . . . . . . . . . . . . . A . . C . T . . . . . . . . . . . . . . C. . . . . . . . . . . . . . . 
FIGURE 2. Aligned sequence of partial LSU rDNA of Parabucephalopsis parasiluri, Prosorhynchoides ozakii, bucephalid sporocyst shown by lane 2 of 
Figure 3, Bucephalus porumorphus and Rhipidocotyle galeata. The restriction sites for Sea I are shown as shading sites. 
RESEARCH NOTES 671 
660 670 680 690 700 
Parabucephalopsis parasiluri G G T C C T T G T G G C T C TAT G C G G T G G G G A C G G C A G G TAG C T C G T T G G C T T C G 
Prosorhynchoides ozakii . T . . . T . . G . 
bucephalid sporocyst . T . . . T . . . G . 
Bucephalus polymorphus T . . . . G . . . . . T . . . T . • . • 
Rhipidocotyle galeata . T • . . . . . . A . . 
710 720 730 740 750 
Parabucephalopsis parasiluri - G C C G G C TAG T G T TAT C A G C T G A CAT C A G T G G T ACT G T G C G G T G C G T C G G 
Prosorhynchoides ozakii - . . TAT • G . . A • 
bucepha lid sporocyst - . . TAT . G . . A . 
Bucephalus polymorphus C • . . AT. G . 
Rhipidocoty/e galeata . T . AT. G . . A . . T . 
760 770 780 790 800 
Parabucephalopsis parasiluri A G A C G G C G G C T T G T G G T G TAT A C G T G T G T G C C T G T T C T G C T G G C G G T G C C 
Prosorhynchoides ozakii . A . . A . _ 
bucephalid sporocyst . A . . A . 
Bucephalus polymorphus . A . . . T . 
Rhipidocotyle galeata . . . A . . . . . 
810 820 830 840 850 
Parabucephalops/s parasilurl G G G T T C G G T T G T C G T G TAG C C T G T A A A A G C A G G C C T G G T A A TAG C C C G G T 
Prosomynchoides ozakii . . T . 
bucepha lid sporocyst . . T . 
Bucephalus polymorphus . CT. . . . . A .• C •.. . TC .... . . . G . . G . . T . . . . 
Rhipldocotyle galeata . . T . . . . .A ... T .. • . CG .. G .• T .••. 
860 870 880 890 900 
Parabucephalopsis parasilurl A T C G T T T G G T G G GAG G T G G CAT G C G G T T C A C C T T T GAT GAG G G C C A A TAG 
Prosorhynchoides ozakii . . T. . C. . A . . C . . . T • • . A . 
bucephalid sporocyst . • T. . C. . A . . C . . . T . . . A . 
Bucephalus polymorphus .. T . . . C . . A A . . . . . . . A . . . . 
Rhipiciocotyle galeata G . T . . . . T C . . . . . . T . G . . A. . A . . C . 
910 920 930 940 950 
Parabucephalopsls parasilurl T C T G T G G T G TAG T G G TAG A C CAT C C A C C C G A C C C G T C T T G A A A C A C G G A C 
Prosorhynchoides ozakii 
bucephalid sporocyst 
Bucephalus polymorphus . . T . 
Rhipidocoty/e galeata . T . 
960 970 980 990 1000 
Parabucephalopsis parasilurl C AA GG A G A GT AA C A TG T A C G CG A G T C AA TGG G C GT T A C G A A A C C C A AA G G 
Prosorhynchoides ozakii . G . 
bucephalid sporocyst . G • 
Bucephalus polymorphus • . G . . 
Rhipidocotyle galeata . . G . . 
1010 1020 1030 1040 1050 
Parabucephalopsis parasilurl C G T AG T G A A AG T A A AG G T CT GG C T TG T C T G G ACT G AGG T GAG A T C C TG G C 
Prosorhynchoides ozakii . T . . . C . . . 
bucephalid sporocyst . T . . . C . . . 
Bucephalus polymorphus . A . . G . . T . • T G . . • . . C . A . 
Rhlpldocotyle galeata . G . . T . . T C . A . . T C . . . . C . 
1060 107Q 1080 1090 1100 
Parabucephalopsls parasflurl G T T T C T C A C G C G T G G TAT C G C C A A G C G T T C GAG C G A C A G G C G CAT C A C C G 
Prosorhynchoides ozakii . . A . 
bucephalid sporocyst . . A . 
Bucephalus polymorphus . G . . T A. • T . . C C . T • . T . . . 
Rhlpldocotyle galeata . . A. . T . . A • . . . . T . G • 
1110 1120 1130 1140 1150 
Parabucephalopsls parasflurl G C C C G T C C CAT G G T G T G T G C G T - - GAT T T T - C G G A A A CAT - G CAT C - - A T 
Prosorhyncholdes ozakii . . . . . . - - . G . • . . T .. . G . . . . - . 
bucephalid sporocyst . . . . . . - - . G . . . . T .. . G . . . . - . 
Bucephalus polymorphus . . G . T • C T C . G C . . CT.. . G T T G . T . • • • . C C . . 
Rhlpldocoty/e galeata . . G . T . C - - T C . C . . - T. .' G T G G . - . . C G . - - . • 
1160 1170 1180 1190 1200 
Parabucephalopsls parasfluri C G G GG T G G AG CA T G AG C G T A CAT G T TGA GA C C C G A AA GAT G GT GA ACT A T 
Prosorhynchoides ozakii 
bucephalid sporocyst 
Bucephalus polymorphus . C . 
Rhlpldocotyle galeata . C . 
1210 1220 1230 1240 1250 
Parabucephalopsls parasiluri G CT T G C AAA G GT TG A A G C CA GA GG A A ACT C T G G T G GAG G A C C G CA G CG A T 
Prosorhynchoides ozakii 
bucephalid sporocyst 
Bucephalus polymorphus . T T . . 
Rhipiciocotyle galeata 
1260 1270 1280 1290 1300 
Parabucephalopsls parasilurl T CT GA C G TG C AA A T C GAT CG T C A AA T GT GA G TAT AG GG G CG A A A GA C T A A 
Prosorhynchoides ozakii 
bucepha lid sporocyst 
Bucepha/us po/ymorphu5 
Rhlpldocotyle galeata . T . 
1310 1320 1330 1340 
Parabucephalopsls parasilurl T C G A A C CAT C TAG TAG C T G G T T C C C T C C G A A G T T T C C C - -
Prosorhynchoides ozakii - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
bucephalid sporocyst . . . . . . . . . . • T . - . . . . . C C . • . A - - - - - - - - - - - - - - -
Bucephalu5 {Jo/ymorphu5 ...... . 
Rhipidocotyle aaleata - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
FIGURE 2. Continued. 
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TABLE 1. The number of samples and host data of collected parasites in this study. 
Standard length Wet weight 
Parasite species n Host species Collecting date Sampling locality of host (cm) of host (kg) 
Parabueephalopsis parasiruri 3 Silurus biwaensis 1 Jun 2007 Seta River 60.0 1.7 
Pa. parasiruri Silurus biwaensis 24 May 2009 Uji River 65.5 2.4 
Prosorhynchoides ozakii Silurus biwaensis 18 Dec 2006 Uji River 73.0 3.8 
Pro ozakii Silurus biwaensis 28 Sep 2007 Uji River 82.0 5.2 
Pr. ozakii Silurus biwaensis 24 May 2009 Uji River 56.5 1.7 
TABLE II . The result of molecular identification of larval bucephalids by RFLP. 
No. of examined No. of individuals Parabucephalopsis Prosorhynchoides 
Collection date Limnoperna Jortunei positive for infection Prevalence (%) parasiluri ozakii Failure 
5 Nov 2007 172 19 
17 Dec 2007 325 25 
15 Jan 2008 463 25 
1 Feb 2008 349 23 
29 Apr 2008 622 28 
5 May 2008 566 17 
5 Sep 2008 300 7 
23 Nov 2008 229 28 
variation within the same species. There were 2 Sea I sites in the LSU 
rDNA of Pa. parasiluri and 3 sites in Pro ozakii (Fig. 2). The specific 
products were isolated and purified and the RFLP analysis was performed 
(lanes 3 and 4, Fig.I). The banding pattern of Pa. parasiluri was 
characterized by 3 fragments and that of Pr. ozakii by 4 fragments, each of 
which was in perfect agreement with their sequence data. The RFLP 
analysis permitted us to easily distinguish between Pa. parasiluri and Pro 
ozakii. 
Bucephalid sporocysts collected from L. Jortunei were analyzed using 
the PCR-RFLP method and the findings were compared with the banding 
patterns of adult Pa. parasiluri and Pro ozakii. Based on the results, the 
banding patterns of 3 bucephalid sporocysts (lanes 1-3) collected in 
September 2008, and adults of the 2 species (lanes 4 and 5) collected in 
May 2009, are shown in Figure 3. The RFLP patterns of bucephalid 
sporocysts (lanes I and 3) included bands of 1,200, 800, 400, and 200 bp. 
These bands differed from those of lane 2, which comprised 5 fragments of 
about 1,200,600,400,250, and 200 bp. A 1,200-bp fragment that did not 
appear in the RFLP patterns of adult samples was probably the LSU 
rDNA fragment of L. Jortunei, amplified from contaminated DNA, 
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FIGURE 3. Restriction fragment length polymorphism analysis of 
bucephalid sporocysts. Lane designations are as follows: S, size standard; 
1- 3, bucephalid sporocysts; 4, adult of Parabucephalopsis parasiluri; 5, 
adult of Prosorhynehoides ozakii. 
11.0 18 0 I 
7.7 24 0 I 
5.4 17 0 8 
6.6 21 0 2 
4.5 26 0 2 
3.0 16 0 I 
2.3 5 I 1 
12.2 3 0 
because the same region ofLSU rDNA of L. Jortunei was 1,106 bp and did 
not have the Sea I site (T. Baba, unpubJ. obs.). Except for the 1,106-bp 
fragment, the banding patterns of lanes I and 3 agreed with those of lane 4 
(Pa. parasilurz) and the banding pattern of lane 2 was identical to that of 
lane 5 (Pr. ozakil). The nucleotide sequence of lane 2 was the same as that 
of Pr. ozakii (Fig. 2). From these results, we conclude that I of the 3 
bucephalid sporocysts was Pr. ozakii and that the others were Pa. 
parasi/uri. The results of species identification of larval bucephalids by 
RFLP are shown in Table II. 
Our data indicate that the first intermediate host of Pr. ozakii is L. 
Jortunei. Because L. Jortunei is an introduced species, it is probable that Pr. 
ozakii is also an introduced species that accompanied L. Jortunei. 
Limnoperna Jortunei is a notoriously invasive species that has caused 
negative and positive effects on several indigenous macroinvertebrates 
(Darrigran et aI. , 1998). The mussel also causes economic damage by 
clogging the pipes of hydroelectric stations (Magara et aI., 200 I) in several 
regions of the world .. The parallel movement of accompanying harmful 
parasites should be noted as one of the negative effects of L. Jortunei. In 
China, where both bucephalids originated, 30 bucephalid species have 
been recorded from freshwater and brackish water fishes (Wang and 
Wang, 1998). The first intermediate host (Limnoperna laeustris [= L. 
Jortunel1 in both cases) has been reported for only 2 of these species 
(Parabucephalopsis prosthorchis and Dollfustrema vaneyi) (Tang and Tang, 
1976). It is conceivable that the number of bucephalids using Limnoperna 
sp. as their first intermediate host will become greater. 
Finally, the molecular species identification procedures developed in the 
present study can be used to identify sporocysts and cercariae lacking 
morphological characteristics for species identification. The morpholog-
ical characteristics of these 2 cercariae identified by the present method 
will be described elsewhere. 
This study was supported in part by a Grant-in-Aid from the Kansai 
Organization for Nature Conservation (No. 81). 
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Seroprevalence of Toxoplasma gondii From Free-Ranging Black Bears (Ursus american us) 
From Florida 
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ABSTRACT: Toxoplasma gondii is a significant worldwide parasitic 
protozoan, In the present study, prevalence of antibodies of T. gondii 
was examined from 29 free·ranging black bears (Ursus americanus) from 
south-central Florida where the host species was listed as state threatened 
during this project. Overall T. gondii prevalence was found to be 44,8%, 
specifically 46,2% in male and 43.8% in female U americanus, using a 
modified agglutination test (1 :25 titer). Seroprevalence differences between 
sexes were not significant (P > 0,05). Results of the present study add 
supportive data to the growing body of evidence suggesting that U 
americanus has one of the highest T. gondii seroprevalences among all 
known intermediate hosts. In addition, our data emphasize the importance 
of understanding parasitic disease dynamics from a conservation 
perspective. 
The protozoan Toxoplasma gondii universally infects most mammalian 
taxa, including humans (Dubey, 2009), Like most other endoparasites, T. 
gondii displays a complex life cycle, Sexual reproduction is known to occur 
only within domestic and some free· ranging felids, while asexual 
reproduction of T. gondii can occur in a multitude of intermediate hosts, 
Infection in the latter hosts typically follows ingestion of food or water 
contaminated with recently shed T. gondii oocytes from definitive hosts 
(Zarnke et aI., 2000). Clinical signs of infection can range from 
lymphadenopathy, to neuralgia, to death (Dubey and Beattie, 1988; 
Dubey, 1994), 
Serologic T. gondii prevalence significantly varies across mammalian 
taxa, Bears, specifically black bears (Ursus americanus), typically have 
extraordinarily high serologic prevalence at approximately 80% (Dubey, 
2009). This relatively consistent serological prevalence may be attributed 
to the trophic level at which U americanus operates as a carnivore/ 
omnivore (Zarnke et aI., 2000), Despite the high serological prevalence in 
U americanus, there has yet to be a confirmed report of clinical 
toxoplasmosis in bears (Dubey, 2009). 
Ursus americanus was listed as state threatened by the Florida Fish and 
Wildlife Conservation Commission until 2011. Florida's entire statewide 
black bear population is estimated to be <150 individuals, making it the 
second smallest of 8 recognized subpopulations (FFWCC, 2010). Here we 
report the results of a T. gondii survey from free-ranging U americanus in 
Highlands County, Florida, The U americanus population specific to 
south-central Florida is the second smallest in the state, with an estimated 
size of 85 individuals (Maehr et aI., 2001), To date, only 1 study has 
serologically examined the prevalence of T. gondii in U american us from 
Florida (Dunbar et aI., 1998), wherein an overall serological prevalence of 
56% was reported from a handful of counties in the Florida panhandle, 
With the remaining U americanus populations in Florida becoming 
increasingly fragmented and isolated, it is critical to understand their 
infectious disease dynamics for conservation purposes. 
Blood was collected from 29 free· ranging U americanus (16 females, 13 
males) captured in Highlands County, Florida, from May 2004 to July 
2006 as part of a radio· telemetry study, All bears were captured using 
modified Aldrich spring-activated snares (Johnson and Pelton, 1980) or a 
culvert trap (Erickson, 1957) and anesthetized using Telazol® (Fort Dodge 
Animal Health, Fort Dodge, Iowa) administered at 4.4 mg/kg of body 
mass (Kreeger, 1996) with a pole syringe (Pond and O'Gara, 1994), Traps 
were checked at least twice per day to minimize the amount of time a bear 
spent in the trap, These trap checks were conducted in the morning and 
evening, when bears in that region appeared to be most active, Once bears 
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were anesthetized and vital signs were checked, e,g" heart rate, respiration 
rate, and body temperature, biological samples, including blood, were 
obtained, Blood was taken from the femoral artery in 9-ml serum 
separator tubes, Separate vacuum tubes to be kept as whole blood were 
also collected at this time, Samples were then stored on ice until returned 
to the laboratory (within 1-4 hr), and then the separator tubes were 
centrifuged to separate the serum and red blood cell fractions. Samples 
were stored at - 20 C until further analysis, when blood was thawed and 
1 ml of serum was transferred into 1.5-ml tubes (Eppendorf North 
America, Hauppauge, New York), 
Sera from free-ranging U american us were screened for T. gondii 
antibodies using a 2-fold serum dilation from 1 :25 to 1 :200 with the 
modified agglutination test described by Dubey and Desmonts (1987), 
Samples yielding agglutination at 1 :25 dilution or higher were scored as 
positive, Seroprevalence of T. gondii between males and females was 
examined with a chi-square test of homogeneity using a 2 X 2 contingency 
table, Statistical significance of any association was set at P < 0,05, All 
statistical analyses were conducted using SAS JMP 9,0 (SAS Institute, 
Cary, North Carolina), 
Toxoplasma gondii antibodies were found in 13 of 29 (44,8%) black 
bears. Seven of 16 (43,8%) females and 6 of 13 (46.2%) male black bears 
tested positive for T. gondii, but no significant difference was found 
between the 2 groups (x2 = 0,02, P = 0,89), 
Several studies have shown U american us to have the highest 
seroprevalence of T. gondii among all intermediate hosts in the United 
States (Briscoe et al. 1993; Nutter et aI., 1998; Dubey et aI., 2004), 
Although our effort adds supportive evidence to previous studies 
indicating a relatively high level of T. gondii seroprevalence, our findings 
were relatively low compared to previous studies, One potential 
explanation for this result could be reduced accuracy due to the low 
sample size collected from this small, threatened (at the time of the project) 
bear population as compared to findings from other investigations where 
harvestable-sized pOPlllations of bears occur, e.g., North Carolina and 
Pennsylvania, and where more accurate estimates of seroprevalence were 
probably obtained with larger sizes, 
Our results did not show a significant difference of T. gondii 
seroprevalence between U americanus genders, This is not altogether 
surprising since both sexes of this habitat generalist exhibit similar 
dietary and habitat use patterns in this region (Ulrey, 2008) and thus 
equal potential exposure to T. gondii sources, Another potential reason 
why no significant difference was detected among bear sexes could be the 
use of our sampling (trapping) protocol where there was relatively equal 
likelihood of capturing either sex, In contrast, instances where T. gondii 
seroprevalence were reported to be significantly different between sexes, 
bias may have been introduced into estimates as a result of sex-biased 
hunter harvest that is typically heavily skewed toward the healthiest 
males and where female samples are much fewer in number (Nutter et aI., 
1998), 
Because hunting U americanus in Florida is illegal, the consumption of 
bear meat and the relative threat to human health is most likely minimal at 
present. Nonetheless, caution should still be employed by consumers in the 
form of properly cooking any meat of wildlife species to reduce the 
potential for T. gondii transmission, It is recommended that all meat reach 
an internal temperature of 66 C for at least 3 min prior to consumption 
(Dubey et aI., 1990), 
This project was conducted with a valid Florida Fish and Wildlife 
Conservation Commission permit (no, WX03549). All animal handling 
procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Kentucky (protocol no, 00626A2003), 
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ABSTRACT: Plerocercoids of the cestode Schistocephalus solidus are 
reported for the first time from the body cavity of anadromous threespine 
stickleback inhabiting Mud Lake, Alaska. Most infected stickleback 
harbored a single large plerocerciod (mean weight = 0.447 g, range = 
0.22S-0.716 g). The overall prevalence ofplerocercoids across genders and 
2 yr of samples was 1.4%, but prevalence was significantly greater in males 
than in females. Because of the large size of the plerocercoids, anadromous 
stickleback were probably infected as juveniles before leaving the lake, 
suggesting that plerocercoids can live in the body cavity of oceanic 
stickleback for several years. 
Schistocephalus solidus is a cestode with a complex life cycle that uses 
the threespine stickleback Gasterosteus aculeatus (hereafter referred to as 
stickleback) as its intermediate host (reviewed in Hopkins and Smyth, 
1951; Wooton, 1976; Barber and Scharsack, 2010). Briefly, a free 
swimming coracidium is ingested by a copepod where it becomes a 
procercoid. If the copepod is ingested by a stickleback, the worm enters 
the plerocercoid stage and migrates to the peritoneal cavity of the 
stickleback. This is the longest and primary growth phase; plerocercoids 
can grow to enormous sizes, with the mass of the worms exceeding that of 
the host in extreme cases (Arme and Owen, 1967; Wooton, 1976). The life 
cycle is completed when infected stickleback are consumed by a bird. Once 
the stickleback is ingested, S. solidus matures sexually, and eggs are 
released in as little as 36-4S hr (Hopkins and Smyth, 1951). 
Stickleback populations infected with S. solidus have been commonly 
reported in the literature, but most are resident lake populations (e.g., 
Hopkins and Smyth, 1951; LoBue and Bell, 1993; Bergersen, 1996; Heins 
and Baker, 2008) or less frequently brackish water populations (e.g., 
Morozinska-Gogol, 2011). Published reports of plerocercoids in oceanic 
stickleback are rare, even though oceanic stickleback populations are 
relatively common. This may be because freshwater environments, 
especially lakes, are more suitable habitat for completion of the entire S. 
solidus life cycle, given the abundance of cyclopoid copepods and the 
importance of bird predation on stickleback. Here the occurrence of large 
plerocercoids of S. solidus in anadromous stickleback breeding in Mud 
Lake, Alaska, is reported for the first time. 
Mud Lake (61 °33' 46.S"N, 14s056' 56.4"W) is a small, shallow freshwater 
lake occurring in the Cook Inlet region between the Matanuska and Knik 
rivers approximately 62 km northeast of Anchorage, Alaska. It is 
connected to the Knik River via Jim Creek and has an area of 1.73 km2 
(Alaska Department of Fish and Game, pers. comm.). Mud Lake is 
inhabited by a large resident freshwater stickleback population through-
out the year and by anadromous stickleback that come to the lake from 
the ocean during the breeding season, as well as several other fish species 
(Karve et aI., 200S). The anadromous and resident stickleback in Mud 
Lake are highly divergent morphologically (Fig. I). Based on previous 
morphological and genetic surveys, there is no evidence of significant 
hybridization between anadromous and resident stickleback in Mud Lake 
(Karve et aI., 200S; Bell et aI., 2010; Drevecky, 2011). As a result, 
anadromous and resident individuals are easily identifiable based on their 
morphology. 
Anadromous stickleback were collected 29 May and 6 June 2008 (total n 
= S15; males = 150, females = 664) and 4 June 2010 (total n = 437; males 
= 85, females = 352) using unbaited minnow traps set overnight. The fish 
were killed with a lethal dose of MS-222. A slit was made on the right side 
of the abdomen of preserved specimens to score sex by internal 
examination of gonads and probe the visceral cavity for S. solidus 
plerocercoids. Data on standard length (SL), measured to tenths of a mm 
from the tip of the snout to the end of the caudal peduncle, and body 
weight, measured to thousands of a gram after blotting using a Denver 
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Instruments TP-214 analytical balance, were collected for all infected 
specimens. Standard length was also measured from samples of 100 
uninfected male and female stickleback from 200S and 2010 (except for 
males from 2010, for which only S3 uninfected individuals were available) 
to compare the size of infected and uninfected fish. To examine whether 
individuals infected with S. solidus exhibited lower body condition than 
uninfected individuals, body condition was compared between infected 
2008 anadromous males (the largest single sample of infected individuals) 
and a sample of 30 uninfected 2008 male anadromous stickleback. Body 
condition for each sample was estimated as the linear regression of body 
weight on standard length (Jakob et aI., 1996), and divergence in body 
condition between samples was tested using ANCOVA as implemented in 
R version 2.14.0 (R Development Core Team, 2011). The relationship 
between standard length and body weight was linear over the size range 
examined, so data were not transformed and the slopes of the relationship 
were homogeneous between samples (F = 2.8S, df = 1,37, P = 0.098). 
Prevalence of plerocercoids in stickleback was expressed as the percentage 
of stickleback infected relative to the number examined in a sample. 
Parasite index was calculated following Arme and Owen (1967) by 
dividing the weight of the plerocercoids by the weight of the host fish plus 
the plerocercoids and multiplying by 100. 
For comparative purposes, anadromous populations from Rabbit 
Slough (61 °32' .9"N, 149°16'3.66"W) approximately 17 km west of Mud 
Lake sampled 4 June 2010, and Anchor River (59°46'23.52"N, 
151°51'57.6"W) on the Kenai Peninsula sampled 13 June 200S, were also 
surveyed for S. solidus plerocercoids. The sample sizes were 477 (males = 
154, females = 323) and 490 (males = IS7, females = 303), respectively. 
Mud Lake resident freshwater fish collected in 2007 (males = 126, females 
= 160) and 2010 (males = 2S0, females = 521) were also surveyed for the 
presence of S. solidus. 
Of 1,251 Mud Lake anadromous stickleback surveyed, 17 specimens 
were infected with large plerocercoids, for a prevalence of 1.4% across 
year and sex. Of the 17 infected fish, 16 had a single plerocercoid, and I (a 
male) had 2 plerocercoids. The plerocercoids were relatively large in size 
(Fig. 1), with an average (standard deviation, SD, in parenthesis) weight 
of 0.447 g (SD = 0.127) and an average parasite index of9.0% (SD = 2.3). 
Plerocercoids tended to be more common in males than in females both 
years. Prevalence of S. solidus plerocercoids in males was 7.3% and 2.4% 
for 200S and 2010, respectively, but just 0.3% and 0.6% for the same year 
in females. Pooled across years, this difference in prevalence between sexes 
was significant (X2 test of independence, X2 = 37.65, df = 1, P < 0.001). 
The average weights for plerocercoids in 200S male, 200S female, 2010 
male, and 2010 female infected stickleback were 0.4S5, 0.419, 0.447, and 
0.52S g, respectively. Plerocercoid weight did not differ significantly 
between infected male and female stickleback pooled across years (t = 
0.392, df = 15, P > 0.05). Infected stickleback were comparable in size to 
uninfected specimens. The average standard lengths of infected 200S male, 
2008 female, 2010 male, and 2010 female stickleback were 6S.9, 72.9, 68.S, 
and 72.0 mm, respectively. The average standard lengths (SD in 
parentheses) from the samples of 100 uninfected fish measured were 
68.7 mm (3.0) for 2008 males, 72.6 (3.3) for 200S females, 65.9 (4.2) for 
2010 males, and 70.5 (2.5) for 2010 females, which is similar to that of 
neighboring anadromous populations (Aguirre et aI., 200S). The largest 
sample of infected fish (200S males) was tested statistically for size (SL) 
divergence from the sample of 100 uninfected 2008 males stickleback and 
did not differ significantly (t = 0.076, df = 109, P > 0.05). Body condition 
did not differ significantly between infected and uninfected males collected 
in 200S either (ANCOVA, F = 0.027, df = 1,38, P > 0.05). Nor was there 
a significant relationship between the SL of the infected fish and 
the weight of the plerocercoids (Pearson product-moment correlation 
analysis, r = 0.176, n = 17, P > 0.05; weight of the plerocercoids was 
summed for the fish with 2 plerocercoids). No plerocercoids were found 
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FIGURE I. Threespine stickleback from Mud Lake, Alaska. Scale bars are 10 mm in length. (A) 2008 anadromous male stickleback with 0.716 g 
Schistocephalus solidus plerocercoid. (B) 2010 anadromous female with 0.436 g S. solidus plerocercoid. (C) Uninfected anadromous male (top) and 
female (bottom) Mud Lake stickleback. (D) Resident freshwater male (top) and female (bottom) Mud Lake stickleback. 
among the 477 anadromous fish surveyed from Rabbit Slough or the 490 
Anchor River fish. 
The prevalence of S. solidus in the Mud Lake resident freshwater 
population was comparable to that of the anadromous population in the 
lake. Of the 1,087 resident fish surveyed, 20 were infected with 
plerocercoids, for an overall prevalence of 1.8%. This was slightly higher 
than for anadromous Mud Lake stickleback (1.4%) but did not differ 
significantly when data were pooled across years and sexes (X2 test of 
independence, X2 = 0.86, df = I, P > 0.05). Prevalence in the resident 
population was similar across sexes for the 2 yr sampled. The prevalence 
of S. solidus infection in 2007 and 2010 was 2.5% and 2.4% in males and 
1.2% and 2.6% in females. As with the anadromous fish, male stickleback 
(n = 396) were less frequent than females (n = 671) in the samples but had 
a higher prevalence of S. solidus (2.5%) than females (1.5%). However, the 
difference was not statistically significant when data were pooled across 
years (/ test of independence, X2 = 1.39, df = I, P > 0.05). When 
prevalence in the anadromous and resident populations was examined 
separately by sex, prevalence in male anadromous stickleback was 
significantly greater than in resident male stickleback pooled across years 
(X2 test of independence, X2 = 4.05, df = 1, P > 0.05). Prevalence also 
differed significantly between anadromous and resident female stickleback 
(X2 test of independence, X2 = 5.76, df = I, P > 0.05), although prevalence 
was significantly lower in anadromous females than in resident females . 
How were the anadromous Mud Lake fish infected with S. solidus? 
Stickleback in this anadromous population are unusual in that they most 
likely migrate annually into a lake, a habitat that is highly suitable for the 
completion of the entire life cycle (most anadromous populations migrate 
into streams). The lake also harbors a large resident stickleback 
population that can serve as the typical (second) intermediate host, 
allowing the persistence of S. solidus in the lake to infect the anadromous 
fish that enter. The plerocercoids inhabiting anadromous Mud Lake 
stickleback were large relative to previously reported values from wild-
caught freshwater stickleback (e.g., Hopkins and McCaig, 1963; Bell and 
LoBue, 1993; Heins et aI., 2002). Given the large size of the plerocercoids 
and the date of collection of the infected fish (during the breeding season 
in late May/early June), the anadromous stickleback were probably 
infected as juveniles in the lake and then carried the plerocercoids with 
them until returning to the lake to breed. In conjunction with the absence 
of plerocercoids in other anadromous populations, this suggests that a 
significant proportion of the anadromous stickleback in Mud Lake return 
year after year. Most anadromous fish in Alaska breed in their second year 
(Baker et aI., 2008); the uninfected and infected stickleback were similar in 
size, suggesting that the plerocercoids are about 2-yr-old. This is consistent 
with the findings of Heins et al. (1999) and Heins and Baker (2008). They 
noted that plerocercoids may adapt a "waiting strategy" for transmission 
to the final host in long-lived Alaskan stickleback, such that 2- or 3-yr-
old stickleback that reside continuously in freshwater may have plero-
cercoids that are 2- or 3-yr-old. The alternative, that the stickleback were 
infected as adults when they returned to the lake, is highly unlikely 
because it would require biologically unrealistic growth rates for the 
plerocercoids. Lakes in Alaska are often covered by ice until May (Heins 
and Baker, 2008). It t.akes approximately 1 mo for S. solidus eggs to 
embryonate and enter copepods to become infective for stickleback 
(Dubinina in Heins and Baker, 2008), and 6 wk to 3 mo at 18-19 C to 
reach 50 mg wet weight (Orr et aI. , 1969; Barber and Svensson, 2003), the 
minimum size for maturation in the final host (Tierney and Crompton, 
1992). Development of S. solidus is likely slower in Mud Lake because 
water temperatures are lower (in mid-June 2010 shallow waters were 
approximately 12.6 to 13.6 C), and the plerocercoids collected in the 
anadromous Mud Lake stickleback were about 9 times larger on average 
than the 50 mg minimum size of infectivity, indicating that they are 
substantially older than 6 wk. 
It is unclear why the prevalence of plerocercoids was greater in male 
than female stickleback in the anadromous popUlation, and why 
prevalence differed between sexes in the anadromous and resident Mud 
Lake populations. Differences in prevalence and infectivity based on sex 
and ecology have been documented previously (Tierney et aI., 1996; 
Reimchen and Nosil, 2001; Jager and Sch0rring, 2006; MacColl, 2009), 
and it is possible that parasite recruitment differs between sexes in 
anadromous stickleback based on differences in feeding ecology or 
propensity for infection. Alternatively, female reproductive ability may be 
more impacted than that of males in anadromous stickleback, resulting in 
infected females disproportionally failing to return to freshwater to breed. 
The negative impact of S. solidus plerocercoids on the reproductive 
abilities of stickleback has been well documented (e.g. , Hopkins and 
Smyth, 1951; Arme and Owen, 1967; Macnab et aI., 2009; Heins and 
Brown-Peterson, 2010; Heins et aI., 2010), and there is some evidence 
indicating that the impact on females may be more severe (McPhail and 
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Peacock, 1983). If true for Mud Lake stickleback, this could explain the 
sexual dimorphism in prevalence in anadromous fish. Migrating from the 
ocean to freshwater is energetically demanding, and if the cost of S solidus 
infection is greater for reproductive females, they may be returning to 
fresh water at a lower rate than infected males. The greater prevalence of 
S solidus in anadromous male stickleback than in resident lake male 
stickleback may reflect a greater rate of infection of anadromous fish. This 
could result from differences in feeding ecology or resistance to infection 
between populations. Given the lack of data on feeding habits of Mud 
Lake stickleback and the variation in how stickleback populations are 
impacted by plerocercoids (Heins et aI., 1999; Macnab et aI., 2009), more 
data are needed to decipher why prevalence differs between sexes and 
populations. 
This is the first report of anadromous Alaskan stickleback infected 
with S solidus plerocercoids. The Mud Lake anadromous population 
presents an interesting opportunity to study the stickleback-S solidus 
interaction in an ancestral stickleback population. In addition, the present 
study suggests that at least some anadromous stickleback can carry 
plerocercoids for several years and migrate back to freshwater to breed. 
This adds a new dimension to the study of stickleback-S solidus 
interactions. 
Assistance provided by S. Gideon and K. Walker in the lab, and by 
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ABSTRACT: Fernando de Noronha is an archipelago of 21 islands and 
islets in the Atlantic Ocean, state of Pernambuco, Brazil, which has a 
varied biodiversity including alien species or sinantropic animals. The 
objective here was to determine the seroprevalence of Toxoplasma gondii 
in domestic and wild animals from Fernando de Noronha archipelago, 
Brazil. Between July 2007 and May 2010, blood samples were collected 
from 764 animals (533 domestic and 231 wild animals). Sera were tested by 
the indirect fluorescence antibody test (IFAT) or the modified agglutina-
tion test (MAT), or by both. Antibodies to T. gondii were found in 80 
(80.0%) of 100 chickens (Gallus domesticus), 3 (3.0%) of 100 cattle (Bos 
taurus), 59 (60.8%) of 97 sheep (Ovis aries), 9 (81.8%) of 11 goats (Capra 
hireus), 7 (43.7%) of 16 horses (Equus caballus), 70 (59.3%) of 118 cats 
(Felis eatus), 36 (39.6%) of 91 dogs (Canis familiaris), 13 (38.2%) of 34 
black rats (Rattus rattus), and 157 (79.7%) of 197 cattle egrets (Bubuleus 
ibis). Results indicate endemic infection by this zoonotic parasite among 
the animal and avian fauna in this archipelago from Brazil. 
Toxoplasma gondii infections are widely prevalent in animals and 
humans worldwide, particularly in Brazil where up to 90% of humans 
have been exposed to this parasite (Dubey, 2010). During the last decade, 
there have been numerous studies in animals in Brazil, including humans, 
where strains of T. gondii are biologically and genetically different from 
strains found in North America and Europe (Dubey et aI., 2008; Dubey 
and Su, 2009; Dubey, 2010; Khan et al., 2011). Studies on T. gondii 
isolates from feral chickens from different areas of mainland Brazil 
indicated no major differences based on geography. However, T. gondii 
strains from the archipelago of Fernando de Noronha were genetically 
different from isolates from the mainland of Brazil (Dubey et aI., 2010). 
Fernando de Noronha (03°45'57"S, 032°19'41"W) is an archipelago of 
21 islands and islets in the Atlantic Ocean approximately 354 km offshore 
from the Brazilian coast. The main island has an area of 18.4 km2 with a 
population of approximately 3,000 humans. The archipelago is a special 
municipality of the state of Pernambuco (Brazil) and is regarded by 
UNESCO as natural site of patrimony of humanity. Fernando de 
Noronha has a varied biodiversity, with both alien species or synantropic 
animals, and including 700 domestic or feral cats. There is a governmental 
program to retreat and control the alien and synanthropic animals of this 
archipelago. The objective of the present study was to determine the 
seroprevalence of T. gondii in domestic and wild animals from Fernando 
de Noronha archipelago, Brazil. 
Between July 2007 to May 2010, blood samples were collected from 533 
domestic and 231 wild animals (Table I). Serum from each animal was 
centrifuged and stored at - 20 C until analysis by an indirect fluorescence 
antibody test (IFAT) as described by Camargo (1974), or by the modified 
agglutination test (MAT) as described by Dubey and Desmonts (1987). 
For IF AT, species-specific conjugates were purchased from Sigma (St. 
Louis, Missouri). 
The different cut-off values used for IFAT and MAT were partly 
arbitrary and partly based on published reports by others. The cut-off for 
IFAT was 1:64 for cattle, sheep, and goats (Faria et aI., 2007; Santos et aI., 
2009; Soares et aI., 2009) and 1:16 for dogs and cats (Azevedo et al., 2005; 
Brandao et al., 2006). The cut-off for MAT was 1:25 for black rats (DeFeo 
et aI., 2002) and 1:5 for avian species (Dubey et aI., 2010). 
The number of animals sampled as a proportion of estimated 
population (2007-2008 census) is as follows: Total examined/total animal 
DOl: lO.1645/GE-2910.1 
in Fernando de Noronha archipelago: black rats = 34/2,000 estimative 
(1.7%); cats = 1181700 (16.9%); cattle = 1001183 (54.6%); cattle egret 1971 
650 (30.3%); chicken = 100/1,506 (6.6%); dog = 911700 (13.0%); goat = 
11117 (64.7%); horse = 16/23 (69.6%); and sheep = 97/305 (31.8%). The 
cats sampled were more than 3-mo-old. Of the 100 chickens, 50 were those 
reported in Dubey et al. (2010). 
Antibodies for T. gondii were found in 264 of 533 (49.5%) domestic 
animals and in 170 of 231 (73.6%) wild animals (Table I). Seroprevalence 
was higher. (66.6%) in feral cats than in domestic cats (54.2%), probably 
related to their respective life styles; i.e., prevalence is higher in feral 
cats that hunt for their food than in domestic cats (Dubey, 2010). 
Seroprevalence was higher in males (65.5% of 58) than in females (53.3% 
of 60). Seropositivity increased with age (0% of 10 kittens, 61.5% of 26 
juveniles, and 65.8% of adults), indicating post-natal acquisition of 
infection. The kittens sampled were more than 3-mo-old. 
In the present study, we screened avian sera starting with a 1:5 dilution 
because viable T. gondii was isolated from 1 of 2 chickens from Fernando 
de Noronha with a MAT titer of 1:5 (Dubey et al., 2010). In the present 
study, T. gondii antibodies were detected in 157 of 197 cattle egrets 
(Bubuleus ibis). Although most of these birds had a titer of only 1:5, 53 
had a MAT titer of 1:50 and 3 had a titer of 1:500. To our knowledge, 
this is the first record of T. gondii infection in a Pelicaniformes bird. The 
only other reference to T. gondii infection from this order of birds was 
from a red-footed booby (Sula sula) that died of toxoplasmosis on the 
island of Oahu, Hawaii (Work et al., 2002). The cattle egret feeds in 
relatively dry, grassy habitats, often accompanying cattle or other large 
mammals because it catches insects and small vertebrate prey disturbed 
by these animals. Some populations of B. ibis are migratory and others 
exhibit post-breeding dispersal. Infection in these birds may be an 
indication of soil contamination with T. gondii oocysts in environment. 
These birds may serve as prey for feral cats but the frequency is 
unknown. 
In the present study, T. gondii antibodies were detected in 59% of 118 
cats, and seropositive cats were found at all sampling locations on the 
island. The high prevalence of T. gondii infection in rats and chickens on 
the island suggests that these animals are likely sources of infection for 
cats. 
Among the food animals surveyed, 81 % of goats, 60% of sheep, and 
80% of chickens were seropositive for T. gondii compared with only 3% 
seropositivity in cattle, which had low antibody levels. These findings are 
similar to studies in other parts of the world (Dubey, 2010). The results 
indicate that poultry and mutton should be thoroughly cooked before 
human consumption. The geographic separation of the island, and the 
restricted movement of animals between the island and the mainland, 
offers an opportunity for reducing prevalence of T. gondii in Fernando de 
Noronha. 
The authors are grateful to the Administration of Fernando de 
Noronha, state district, Pernambuco state for logistic support, and to 
the Fundacao 0 Boticario de Protecao a Natureza and the Fundacao de 
Amparo a Ciencia e Tecnologia do Estado de Pernambuco - F ACEPE. 
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TABLE I. Seroprevalence of Toxoplasma gondii in domestic and wild animals from the Fernando de Noronha archipelago, Brazil. 
Seropositivity 
Titers 
Species No. tested No. positive (%) Test (cut-oft) 5-10 16-25 32-64 80-160 256-320 500-512 2:640 
Black rats (Rattus rattus) 34 13 (38.2%) MAT (1:25) 8 3 2 
Cat (Felis catus) 118 70 (59.3%) 
Feral 48 32 (66.6%) MAT (1:25) 2 7 23 
Pets 25 18 (72.0%) IFAT (1:16) 2 6 2 6 
45 20 (44.4%) MAT (1:25) 6 7 7 
Cattle (Bos taurus) 100 3 (3.0%) IFAT (1:16) 3* 
Cattle egret (Bubulcus ibis) 197 157 (79.7%) MAT (1:5) 101 53 3 
Chicken (Gallus domesticus) 100 80 (80.0%) MAT (1:5) 14 7 12 23 9 15 
Dog (Canis familiaris) 31 12 (38.7%) IFAT (1:16) 1 3 2 3 2 
60 24 (40.0%) MAT (1:25) 15 9 
Goat (Capra hircus) 11 9 (81.8%) IFAT (1:16) 9* 
Horse (Equus caballus) 16 7 (43.7%) MAT (1:25) 4 2 
Sheep (Ovis aries) 97 59 (60.8%) IFAT (1:16) 59* 
* Not titrated. 
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ABSTRACT: Toxoplasma gondii is an important cosmopolitan opportu-
nistic protozoan parasite, which threatens the health of human beings and 
animals, Genetic characterization of isolates from South America has 
revealed high genetic diversity, In contrast, isolates from North America 
and Europe were highly clonal, with 3 major lineages known as the Types 
I, II, and III. However, limited information on T. gondii genotypes has 
been reported in The People's Republic of China, Here we conducted a 
survey to determine genetic diversity of this parasite in wild birds of 
China, In total, tissues from breast muscle of 178 wild birds, including 98 
common pheasants (Phasianus colchicus), 35 tree sparrows (Passer 
montanus), 22 house sparrows (Passer domesticus), 20 saxaul sparrows 
(Passer ammodendn), and I cinnamon sparrow (Passer rutilans), were 
tested for T. gondii infection, 4 of which were found to be positive for the 
T. gondii BI gene by PCR amplification. These positive DNA samples 
were typed at 10 genetic markers, including 9 nuclear loci, i.e., SAGI, 5'-
and 3'-SAG2, alternative SAG2, SAG3, GRA6, L358, PKI, c22-8, c29-2, 
and an apicoplast locus Apico. Of these, 3 isolates were genotyped with 
complete data for all loci, and 2 genotypes (Type I and Type II variant) 
were identified. This is the first report of genetic typing of T. gondii isolates 
from wild birds from different regions in China. The results suggest that 
the Type I and II variant strains are circulating in wild birds in China, and 
these birds are potential reservoirs for T. gondii transmission. 
Toxoplasma gondii is an obligate intracellular protozoan parasite 
widespread in almost all warm-blooded animals. It has been estimated 
that 30% people in the world have been infected (Weiss and Dubey, 2009). 
The parasite causes an asymptomatic infection in most healthy people; 
however, the infection can be fatal for a fetus and immuno-compromised 
individuals. It is also an important pathogen that causes abortion, and 
even death, in a variety of animals (Dubey, 2010), 
Birds can serve as a source of T. gondii infection for humans and other 
warm-blooded animals (Dubey, 2010). The infected birds can carry the 
parasite and transmit it over long distances, through migration. Once cats 
and other felids ingest the infected birds, tens of millions of oocysts can be 
shed to the environment in several days, which can potentially infect 
variety of animals in large numbers (Dubey, 2010). 
Genetic characterization of T. gondii isolates from different regions and 
different hosts revealed that T. gondii isolates in South America were 
genetically and biologically different from those in North America and 
Europe (Darde et ai., 1992; Howe and Sibley, 1995; Ajzenberg et ai., 2002; 
Dubey et ai., 2002; Lehmann et al., 2006; Dubey, Cortes-Vecino, et ai., 
2007; Dubey et ai., 2008, 2010), where the T. gondii population structure is 
highly clonal and composed mainly of 3 distinct lineages, known as Type 
I, II, and III. We have previously identified limited genotypes in isolates 
from humans, cats, pigs, and sheep in China (Dubey, Zhu, et ai., 2007; 
Zhou et ai., 2009, 2010, 2011), but there are no genetic data on T. gondii 
isolates from wild birds. In the present paper we report the genetic 
characterization of T. gondii isolates from 5 wild bird species in China. 
Breast muscle samples were collected from 178 wild birds, including 98 
common pheasants (Phasianus colchicus), 35 tree sparrows (Passer 
montanus), 22 house sparrows (Passer domesticus), 20 saxaul sparrows 
(Passer ammodendn), and I cinnamon sparrow (Passer rutilans) from 
different geographical locations in northwest, northeast, southeast, and 
central China. Genomic DNA was extracted from 5-10 g of breast muscle 
by sodium dodecyl sulphate/proteinase K treatment, column-purified 
(Tiangen™, Beijing, China) and eluted into 100 ~I H20 according to the 
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manufacturer's recommendations, A nested PCR targeting the T. gondii 
BI gene was performed to detect possible infection with T. gondii (Hill 
et ai., 2006). DNA samples giving positive BI amplification were then used 
for genetic characterization. 
Genetic characterization of T. gondii isolates from birds was carried 
out using the multilocus PCR-RFLP method (Zhou et ai., 2009, 2010, 
2011; Su et ai., 2010). Multiplex PCR-amplified products were 1:1 diluted 
in sterile, double-distilled water, and then used for nested PCR 
amplifications with internal primers for each marker, separately. The 
nested PCR products were digested with restriction enzymes. The restric-
tion fragments were resolved in 2.5% agarose gel, stained by the 
GoldenView™, and photographed using a gel documentation system 
(UVP GeIDoc-It™ Imaging System, Cambridge, U.K.). 
Of 178 bird DNA samples, 4 were positive for the T. gondii BI gene by 
PCR amplification, including 2 from the common pheasant (2/98, 2.04%), 
I from tree sparrow (1/35, 2.86%), and I from house sparrow (1/22, 
4,54%). Because serum samples of these 178 birds were not available for 
serological examination, this low positive rate of T. gondii DNA may 
indicate the low prevalence of T. gondii infection in these wild birds in 
China. 
Three avian DNA samples showed complete genotyping results, I from 
Hetian (sample H2), I from Emin (sample JSEMI), and 1 from Fuzhou 
(sample SlO) (Table I). Due to low DNA concentration, I (sample LD6) 
of the 4 positive samples could not be completely genotyped and was 
therefore not used. Two genotypes (Type I and Type II variant) were 
identified from the 3 positive samples (Table I). Type I was identified from 
a tree sparrow in Fuzhou, Fujian Province. It was previously reported 
from humans and pigs in other locations in China (Zhou et al., 2009, 2010, 
2011). In this study, both Type II isolates were from Xinjiang Uygur 
Autonomous Region, I was isolated from a house sparrow, and the other 
was from a common pheasant. These Type II strains had a Type I allele at 
the Apico locus and are considered the Type II variant (ToxoDB genotype 
no. 3), which is widespread worldwide. This was the second time that a 
Type II variant was identified in China, as this genotype was previously 
reported from sheep in Qinghai Province (Zhou et ai., 2009), The distances 
among the 3 localities (Emin and Hetian in Xinjiang and Huzhu in 
Qinghai) were at least 1,600 km between each other, indicating that Type 
II variant was prevalent in western regions of China. This is different from 
previous studies that showed the genotype ToxoDB no. 9 (also named as 
the China I type) was dominant in cats and other animals in southern, 
southwestern, and central parts of China (Dubey, Zhu, et ai., 2007; Zhou 
et ai., 2009, 2010, 2011; Chen et ai., 2011). Taken together, the available 
genotyping results suggest that the major clonal T. gondii genotypes are 
circulating in mainland China. 
The prevalence of T. gondii infection in birds has epidemiological 
significance because infection of the ground-foraging birds like pheasants 
and sparrows indicates soil contamination with T. gondii oocysts. These 
birds are potential reservoirs for T. gondii transmission. Since no T. gondii 
strain was isolated, the PCR result itself is suggestive, but not the ultimate 
evidence of infection. Therefore, the results of the present study provided 
preliminary data for future studies aimed at isolating live parasites in wild 
birds and confirm the findings. 
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ABSTRACT: Serum samples from 376 randomly selected adult cattle, from 
25 farms located in 3 counties (Arad, Bihor, and Timi~) from western 
Romania, were sampled for Neospora caninum antibodies using a 
commercial ELISA-kit. Seroprevalence values and risk factors for 
neosporosis (cowage, breed, herd size, farming system, previous abortion, 
and number of farm dogs) were examined using a generalized linear mixed 
model with a binomial distribution. Overall, the seroprevalence of N. 
caninum was 27.7% (104/376) with a prevalence of 27.9% (24/86) in Arad, 
26,9% (25/93) in Bihor, and 27.9% (55/197) in Timi~. Of25 cattle herds, 23 
were seropositive with a prevalence ranging from 10.0 to 52.2%. No 
correlation was found between N. caninum seropositivity and age, breed, 
herd size, breeding system, and previous abortion. The number of farm 
dogs was the only factor (PWald = 0.03) positively associated with 
seroprevalence in cows and can be considered the risk factor in the 
acquiring of infection. The present work is the first regarding serological 
evidence of N. caninum infection in cattle from western Romania. 
Neospora caninum is a cosmopolitan coccidian parasite of cattle and one 
of the major causes of abortion, neonatal mortality, and reduced milk 
production (Hernandez et aI., 2001; Dubey and Schares, 2011). In 
domestic dogs (Canis lupus familiaris), which serve as the definitive hosts 
for N. caninum along with gray wolfs (Canis lupus) and coyotes (Canis 
latrans), neuromuscular disorders have been reported frequently (Dubey 
et aI., 2007; Eiras et aI., 2011). Endogenous transplacental transmission 
(vertical transmission) is probably the most important route of infection in 
cattle, although the parasite can be acquired through the ingestion of 
oocysts shed from definitive hosts (horizontal transmission) (Trees and 
Williams, 2005; Dubey and Schares, 2011). 
Several studies have investigated the seroprevalence of N. caninum 
infection in adult cattle worldwide and the data have varied significantly 
depending on the study design, specificity, and sensitivity of the serologic 
techniques used as well as on the tested herd (Dubey et aI., 2007). 
Currently, the most frequently used methods for screening cattle include 
enzyme-linked imrnunosorbent assay (ELISA), indirect immunofluores-
cent antibody tests, immunoblot analysis, and an N. caninum-agglutina-
tion test (Conraths and Gottstein, 2007). These tools are very useful in the 
implementation of more-effective control strategies in cattle herds. 
A previous serosurvey of bovine neosporosis in Romania was limited to 
the center and northwest of the country and was carried out on cows with 
a history of reproduction problems (Gavrea and Cozma, 2010). 
Additionally, molecular identification of N. caninum infection in aborted 
bovine fetuses has been reported in the same region (Suteu et aI., 2010). 
The aim of the present study was to provide data on the seroprevalence of 
N. caninum in cattle herds in western Romania and to assess the possible 
risk factors associated with the infection. 
The survey was carried out using a non-probabilistic sampling 
procedure of convenience in 25 dairy cow farms in 3 counties from 
western Romania; Arad (n = 7), Bihor (n = 6), and Timi~ (n = 12). From 
January 2009 to June 2011, 376 blood samples (5 ml) were collected by 
jugular venipuncture. Data regarding age, breed (203 Holstein Friesian 
dairy cows and 176 autochthonous dairy cow Sura de Stepa Transilva-
neana X Simmental), herd size, farming system (146 from grazing systems 
and 230 from industrial farming), abortion problems (133 yes and 243 no), 
and the number of dogs per farm (range 0-10) were recorded at the time of 
blood sampling. Eighty-nine cows were aged from 2 to :54 yr, 120 were >4 
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to :56 yr, 72 were >6 to :58 yr, and 95 were >8 yr. The occurrence of 
abortion was not used as a criterion to select the sampled animals. 
Sera were obtained by centrifugation at 1,200 g for 10 min and frozen at 
-20 C until analysis. Sera were assayed for anti-N. caninum antibodies 
using a commercially available competitive ELISA-kit (BIO K 218, Bio-X 
Diagnostics, Jemelle, Belgium). The 96-well microtitration plates of the 
test were coated with whole SRS2 (p38) Neospora caninumlEscherichia coli 
recombinant antigen (protein). The ELISA procedure was performed 
according to the manufacturer's recommendations. 
To identify risk factors for cows being seropositive to N. caninum, a 
generalized linear mixed model with a binomial distribution was fitted. 
The relationship of the serological status of cows to N. caninum was 
compared with the following explanatory variables: Cowage, breed, herd 
size, farming system, previous abortion, and number of dogs on the farm. 
A maximal model with up to all second-order interaction between the 
explanatory variables was fitted. Variables that did not significantly 
contribute to the model explanation were assessed and dropped through a 
deletion test until the minimal adequate model was obtained (Crawley, 
2007). To overcome the autocorrelation due to the nested structure of the 
sampling from common farms, the latter was included as a random factor 
into the model. 
The results are shown in Table I. Overall, of 376 sampled sera, 104 
(27.7%) were positive for N. caninum. Antibodies to N. caninum were 
found in all 3 counties with a herd seroprevalence of 100% (717) in Arad, 
83.3% (5/6) in Bihor, and 91.6% (11112) in Timi~. Of the 25 sampled herds, 
23 (92%) were positive with a seroprevalence ranging between 10.0 and 
52.2%. 
The seroprevalence of N. caninum in the 4 age groups ranged from 
23.3% (>4 to :56 yr) to 31.6% (>8 yr) (Table I); 25.0% (50/200) of 
purebred cows and 30.6% (54/176) of crossbreed cows were positive to N. 
caninum ELISA. The seroprevalence ranged from 20.0% in herds of 200-
300 cows to 30.6% in small herds «100 cows). The percent of seropositive 
cows in grazing systems was 30.1% (44/146) compared to 26.1% (60/230) 
in the industrial systems. The seroprevalence of cows with a previous 
history of abortion was 29.3% (39/133) and 26.7% (65/243) in non-
aborting cows. The seroprevalence was 30.8% (911295) in cows from farms 
with dogs and 16% (13/81) in cows from farms with no dogs. 
This is the first study that reports serological evidence of N. caninum 
infection in cattle herds from western Romania. From an epidemiological 
perspective, our results show a widespread occurrence of N. caninum 
infection in the bovine population from this region. The seroprevalence 
(27.7%) in 3 counties (Arad, Bihor, and Timi~) was lower, however, than 
that previously reported in cattle with reproductive problems from dairy 
farms in central and northern regions of the country (55.9%; Gavrea and 
Cozma, 2010). Compared to several other European countries, our 
seroprevalence was higher than that reported in Slovakia (20.1 %; 
Reiterova et aI., 2009) and Hungary (2.5%; Hornok et aI., 2006), similar 
to that found in the northwest of Spain (23.2%; Eiras et aI., 2011) but 
lower than that reported in Italy (32.0%; Rinaldi et aI., 2007) and Turkey 
(46.5%; Kul et aI., 2009). 
The statistical analysis showed that the age of cows, breed, herd size, 
farming system, and previous abortion did not significantly influence N. 
caninum seroprevalence (PWald > 0.05). However, the number of dogs per 
farm was positively associated with N. caninum seroprevalence in cows 
(PWald = 0.043), as previously obsetved by Pare et al. (1998) and Dijkstra 
et al. (2002) and, more recently, by Schares et al. (2004) and Hobson et al. 
(2005), although this contradicts several studies that did not find an 
association between farm dogs and bovine neosporosis (Rodriguez et aI., 
2002; Fischer et aI., 2003). The lack of association between previous 
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TABLE 1. Neospora caninum antibodies in cattle in western Romania 
according to individual animal and epidemiological data. 
Individual animal and No. of sampled No. of positive Prevalence 
epidemiological data animals samples (%) 
Counties 
Arad 86 24 27.9 
Bihor 93 25 26.9 
Timi~ 197 55 27.9 
Age 
2 to ,,;4 yr 89 28 31.5 
>4 to,,;6 yr 120 28 23.3 
>6 to,,;8 yr 72 18 25.0 
>8 yr 95 30 31.6 
Breed 
Purebreed 200 50 25.0 
Crossbreed 176 54 30.6 
Herd size 
<100 85 26 30.6 
100-200 174 51 29.3 
201-300 45 9 20.0 
301-600 72 18 25.0 
Farming system 
Grazing 146 44 30.1 
Industrial 230 60 26.1 
Previous abortion 
Yes 133 39 29.3 
No 243 65 26.7 
Farm dogs 
Yes 295 91 30.8 
No 81 13 16.0 
abortions and seroprevalence in cows is not surprising considering that a 
number of factors can influence the abortion in dams (Schares et aI., 
2004), not least the genetic and biological diversity of field isolates (Schock 
et aI., 2001) and the dam's immunity (Innes et aI., 2001). Moreover, only a 
proportion of infected cows abort (Williams et aI., 2000). In contrast, the 
results of other investigations carried out in Brazil (Corbellini et aI., 2002), 
Japan (Koiwai et aI., 2005), and Slovakia (Reiterova et al. 2009) showed a 
higher seropositivity of antibodies to N. caninum in aborting cows then in 
non-aborting animals. Also, the finding in our study of no significant 
association between the seroprevalence and farming system is in contrast 
with findings of Wang et al. (2010), who observed a significantly higher 
seroprevalence in grazing dairy cattle than that in cattle using confined 
feeding (28.6% vs. 10.7%). 
No significant difference (PWald > 0.05) was found between the 
seroprevalence of N. caninum antibodies associated with the breed of the 
animals. Several studies have shown that dairy cattle are more susceptible 
to N. caninum than are beef cattle (Bartels et aI., 2006; Hornok et aI., 2006; 
Rinaldi et al. 2007), and vice versa (Eiras et al. 2011), but breed-related 
susceptibility to infection was not demonstrated; in addition, the role of 
farm dogs was not investigated in these studies. 
In conclusion, this study shows that there is a close association between 
N. caninum seropositivity and the number of dogs on cattle farms. 
Therefore, in this region also, control should be focused mainly on 
avoiding contact between cattle and natural definitive hosts or protection 
of cattle food and drinking water from contamination by dog feces with 
sporulated oocysts. Likewise, preventing the consumption of infected 
aborted products (stillborn calves, fetuses, and fetal membranes) by dogs, 
and continuous serological follow-up of the cattle herds, must be an 
integrated part of the control. 
This study was carried out during the project "Postdoctoral School of 
Agriculture and Veterinary Medicine Posdru/89/1.5/S/62371," co-financed 
by the European Social Fund through the Sectorial Operational 
Programme for the Human Resources Development 2007-2013. We 
would like to thanks farmers and veterinarians for their assistance in the 
collection of samples. 
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Determinants of Helminth Infection in a Subterranean Rodent, the Cape Dune Mole-Rat 
(8athyergus suillus) 
Heike Luterma~n and N~gel C. Bennett, Department of Zoology and Entomology, Mammal Research Institute, University of Pretoria, Pretoria 
0002, South Africa. e-mat/: hlutermann@zoology.up.ac.za 
ABSTRACT: The helminth fauna of the largest bathyergid, the Cape mole-
rat (Bathyergus suillus) was studied throughout an entire calendar year. 
The species richness encountered was low, with only 3 species of 
nematodes (Longistriata bathyergi, Mammalakis macrospiculum, and 
Trichostrongylus sp.) and 2 species of cestodes (Taenia sp. and 
Rodentolepis sp.). At less than 10%, the prevalence for all helminths 
species was similarly low and may be a result of the solitary lifestyle and 
the subterranean habitat exploited by this rodent. Clear seasonal patterns 
were apparent for the most common nematode (L. bathyergl), and 
prevalence and abundance were highest among non-pregnant females 
compared to males and pregnant females. Dispersal patterns associated 
with the mating system of the host could explain this pattern. In contrast, 
the prevalence of the most common cestode (Taenia sp.) was neither 
determined by season nor host sex, suggesting that foraging habits may 
constantly expose B. suillus to this parasite. 
Although parasites are ubiquitous, individuals within host populations 
often show marked variation in parasite prevalence and abundance, and 
th~ parasite distribution is highly skewed (Poulin, 2007). Such heteroge-
neIties can be caused by both intrinsic and extrinsic factors, which 
determine the exposure and susceptibility of hosts to parasites. Effects of 
intrinsic factors such as host sex have been reported for many vertebrate 
species (Poulin, 1996; Klein, 2004). Gender bias has been alternatively 
linked to body size differences (Moore and Wilson, 2002), differences in 
spac~ use patterns (e.g., Scantlebury et al., 2010), and the immunosup-
pressIve effects of androgens (Folstad and Karter, 1992; Klein, 2004). 
Extrinsic factors such as rainfall and temperature, on the other hand, often 
act on the parasite directly, resulting in variation in the spatial and 
temporal distribution of parasites (Poulin, 2007). Such extrinsic factors 
and, as a consequence, the distribution of parasites often differ between 
habitats, and, accordingly, habitat use can determine the exposure of hosts 
to parasites (Froeschke et aI., 2010). 
It has repeatedly been noted that the subterranean niche of fossorial 
rodents may limit their exposure to parasites, and this has been linked to 
the low parasite species richness encountered in a number of subterranean 
rode~ts (Gardner, 1985; Hafner et aI., 2000; Rossin and Malizia, 2002; 
ROSSIn et aI., 2010). Rodents from a range of families have adapted to a 
subterranean lifestyle, and, despite their diverse origin, they show 
remarkable similarities with respect to morphology, physiology, and basic 
life history traits. Their cryptic lifestyle has contributed to the paucity of 
information about their parasite fauna. However, efforts have been made, 
and studies on the North American geomyids, the South American 
octodontids, as well as the European spalacines have reported a number of 
cestodes, nematodes, and coccidian parasites for these rodents (Gardner, 
1985; Hafner et aI., 2000; Rossin and Malizia, 2002; Rossin et al., 2010). 
Most of t~ese studies are of a taxonomic nature (Rossin and Malizia, 
2002; ROSSIn et aI., 2010). The southern African bathyergids, or mole-rats, 
are another very specious family of subterranean rodents (Bennett and 
Faulkes, 2000). Although bathyergids are well studied with respect to their 
ecology and reproductive physiology, we have little knowledge of their 
endoparasites beyond that gleaned from opportunistic sampling (de 
Graaff, 1964). Unlike most subterranean rodents, this family consists 
mainly of social species, and only 3 solitary genera with 4 species are 
known (Bennett and Faulkes, 2000). Recent taxonomic studies of the 
endoparasite fauna of solitary mole-rats are limited to I species, the silvery 
mole-rat, Heliophobius argenteocinereus, from a small sample size (Tenora 
et aI., 2003; Modry et aI., 2005). The aim of the current study was to 
provide information on the helminth parasites of another solitary 
DOl: lO.1645/GE-3024.1 
bathyergid, the Cape dune mole-rat (Bathyergus suillus), and to assess 
the effects of host sex and reproductive condition as well as season, i.e., 
capture month, on endoparasite prevalence and abundance. Bathyergus 
suillus is the largest bathyergid species, and the body mass of adult males 
can exceed 2 kg (Skinner and Chimimba, 2005); they are regularly used as 
a protein source by humans. This species is endemic to South Africa and 
inhabits predominantly sandy soils along the coast and on river banks 
close to the coast in the Western and Eastern Cape Province. The diet of 
B. suillus consists mainly of aerial vegetation that it pulls into its tunnels 
from below (Skinner and Chimimba, 2005). 
Parasite samples were obtained from mole-rats captured by professional 
mole catchers at Cape Town International Airport, Cape Town, South 
Africa (33°58'S, 18°37'E), as part of an eradication program conducted in 
conjunction with the University of Cape Town. A total of 344 animals 
were captured during the period from March 2003 to January 2004. 
Animals were caught on a daily basis with the use of modified vice traps 
(Vasatrap, Observatory, Cape Town, South Africa). Three-millimeter-
thick rubber strips were wrapped around both serrated edges of the trap 
and secured in place with cable ties. Traps were checked at regular 
intervals, and captured animals were killed with an overdose of 
chloroform. The animals were sexed and weighed and the body lengtl! 
(excluding the tail) measured. The abdominal cavity was opened and the 
intestinal tract removed and stored in 70% ethanol until disse~ted. For 
females, the reproductive condition was assessed by uterine inspection and 
the presence of embryos noted. Intestinal tracts were separated in the 
functional sections (stomach, small intestine, caecum, and large intestines) 
and dissected separately. The content was examined using a stereomicro-
scope. Parasites were counted and stored in 70% ethanol until 
identification by the Royal Veterinary College, London, U.K. 
We employed generalized linear models (GLMs) with parasite 
prevalence and abundance, respectively, as dependent variable. The 
factors month, sex class, and body length were included as independent 
variables in all models. Since only 4 hosts were sampled in June, while 
otherwise the minimum sample size per mo was 15 (mean ± SE: 34.0 ± 
3.97), we pooled the data for June and July for analyses. To allow 
comparisons with the results obtained by Rossin et ai. (2010) for 
Ctenomys species, we defined 3 sex categories: males, non-pregnant 
females, and pregnant females. However, unlike Rossin et ai. (2010), we 
did not use body condition as it was confounded for pregnant females, 
and, consequently, it differed significantly between pregnant and non-
pregnant females (t = -4.484, df = 171, P < 0.0001). Since body mass 
was significantly correlated with body length in non-pregnant individ-
ual~ (Rs = 0.911, n = 283, P < 0.0001), we included body length as a 
vanable for the analyses. Separate models were created for different 
parasite species, assuming a binomial error distribution with a log-link 
function when considering prevalence. Parasite prevalence and abun-
dance were evaluated only for species with a prevalence of greater than 
5%. A GLM with a quasi-Poisson error distribution and a log-link 
function was employed when analyzing the effects of our independent 
variables on parasite abundance. Initially we included interaction terms 
in the models; however, these proved to be non-significant, and, 
consequently, only the main effect model will be reported. Results are 
given as means ± SE. 
A total of 344 individuals (181 females, 161 males, 2 of unknown sex) 
were sampled from March 2003 until January 2004. Of all females 
assessed, 50 were pregnant. The animals showed a marked sexual 
dimorphism, with females being significantly lighter (non-pregnant, n = 
123,667.2 ± 241.5 g) than males (n = 160,949.8 ± 426.0 g, Z = -5.64, P 
< 0.0001). Similarly, males (n = 160,320.9 ± 40.1 mm) had significantly 
greater body lengths than females (n = 179,229.3 ± 33.8 mm, Z = -5.62, 
P < 0.0001). 
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TABLE I. Summary of the parasite species and their infection characteristics in Bathyergus suillus (n = 344). 
Parasite species 
Longistriata bathyergi 
Mammalakis macrospiculum 
Trichostrongylus sp. 
Taenia sp. 
Rodentolepis sp. 
FIGURE 1. Seasonal variation in 
the prevalence of (a) Longistriata bath-
yergi and (b) Taenia sp. from March 
2003 until January 2004. Displayed are 
the number of individuals for each 
category and month. Open and filled 
bars indicate uninfected and infected 
individuals, respectively. 
Site of infection 
Small intestine 
Large intestine and caecum 
Gut 
Abdominal cavity 
Small intestine 
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The animals examined were infected with 5 helminth species (Table I). 
The most common parasites found were the nematode Longistriata 
bathyergi with a prevalence of 8.7% and an abundance of 0.85 (±0.22) and 
the cestode Taenia sp. with a prevalence of 7.6%. Only strobilocerci were 
encountered for the latter species. As such, strobilocerci may have 
occurred in other tissues not accessible for this study; accordingly, we only 
recorded prevalence for this parasite. Both L. bathyergi and Mammalakis 
macrospiculum have to date been reported only for B. suillus (Ortlepp, 
1939; Inglis, 1991), while the remaining hehninths belong to genera that 
are cosmopolitan in their distribution. 
The prevalence of L. bathyergi was significantly affected by mo (X2 = 
57.3, df = 10, P < 0.0001), with infection only being observed from March 
to July (Fig. la). Nematode prevalence did not differ significantly between 
the sex classes (X2 = 2.6, df = 2, P = 0.279). However, the probability of 
infection decreased significantly with increasing body length (X2 = 17.9, df 
= I, P < 0.0001). The abundance of L. bathyergi varied significantly 
throughout the year (X2 = 465.8, df = 9, P < 0.0001; Fig. la). Longistriata 
bathyergi abundance differed significantly between the sexes (X2 = 41.1, df 
= I, P < 0.0001) and was greater for non-pregnant females compared to 
pregnant females or males (Fig. 2). The abundance of L. bathyergi was 
also significantly negatively correlated with body length (X2 = 231.1, df = 
I, P < 0.0001). 
The prevalence of Taenia sp. did not differ significantly between mo (l 
= 14.7, df = 10, P = 0.142), and infected animals were present throughout 
the year (Fig. I b). Cestode prevalence did not differ significantly between 
sex classes (X2 = 2.5, df = 2, P = 0.284). Similarly, infection with Taenia 
sp. was not significantly correlated with body length (X2 = 2.1, df = I, P = 
0.112). 
Despite the large number of animals sampled for this study, the parasite 
species richness as observed was rather low. This finding is in accordance 
with observations from other subterranean rodents and has been 
attributed to the limited parasite exposure in the subterranean habitat, 
as well as the solitary lifestyle of most species studied to date (Hafner 
et aI., 2000; Rossin et aI., 2010). Nonetheless, the sedentary habits of 
subterranean rodents have previously been cited as cause for their fairly 
high helminth prevalence (Rossin and Malizia, 2002; Rossin et aI., 2010). 
The low endoparasite prevalence encountered in our study species does 
not fit this pattern. This may be attributed to the sandy soils exploited by 
B. suillus that could be less favorable habitat for helminths. In addition, 
the uneven distribution of such soils causes B. suillus to venture above 
ground comparatively frequently in search of new patches to exploit 
(Bennett and Faulkes, 2000), and this, in turn, may reduce parasite 
FIGURE 2. Mean (±SE) number of 
L. bathyergi per host as a function of 
host sex and reproductive condition. 
recruitment. While these hypotheses are currently rather speculative, they 
merit further attention in future studies. 
The distribution of L. bathyergi showed clear seasonal patterns, being 
present only from late summer until mid-winter. This period coincides 
with the onset of the rainy winter season and the mating season of B. 
suillus (Hart et aI., 2006). Accordingly, increases in nematode prevalence 
and abundance may be a result of increases in ranging behavior when 
searching for mates. Alternatively, but not mutually exclusive, the 
comparatively mild climatic conditions (warm and moderate rainfall) 
may be conducive for the propagation of the parasite. Since the life cycle 
of L. bathyergi is unknown, we can only speculate in how far these factors 
may contribute to the observed pattern. 
In contrast, the prevalence of Taenia sp. did not vary with season and 
was generally low throughout the year. These different patterns may be 
linked to the different life cycles of the parasites as taeniids have an 
indirect cycle. Hence, abiotic, as well as biotic, factors acting on the 
parasite and both interniediate and final host are likely to contribute to the 
observed pattern. Bathyergus suillus feeds on aboveground vegetation that 
it pulls below the surface and may acquire the parasite through this route. 
Despite the marked sexual dimorphism of B. suillus, there was no evidence 
for a sex bias in the prevalence of either of the 2 helminths with a 
prevalence greater than 5%, and the abundance of L. bathyergi was 
greatest for non-pregnant females. This fmding is in stark contrast with 
the commonly found pattern of male-biased parasite prevalence and 
abundance found in a number of mammals (Poulin, 1996; Moore and 
Wilson, 2002; Klein, 2004). However, in 2 other subterranean rodents, 
Ctenomys talarum and C. australis, Rossin et al. (2010) found that non-
pregnant females had the highest parasite prevalence and abundance, 
respectively. These authors suggested that the more sedentary lifestyle of 
these females favors infection with directly transmitted nematodes (Rossin 
et aI., 2010). Indeed, the burrow systems occupied by male B. suillus are 
significantly larger than those of their female conspecifics (Thomas et aI., 
2009). Hence, a similar explanation could apply to our study species. The 
observed effect of sex class on L. bathyergi abundance is probably also 
responsible for the significant effect of body length on infestation with this 
parasite as a result of the sexual dimorphism in body size. 
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Prevalence of Toxoplasma gondii in Slaughtered Pigs in the State of Pernambuco, Brazil 
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Andre de S. Santos, Erica P. B. X. de Moraes, Eduardo G. F. de Morais, and Rinaldo A. Mota, Departamento de Medicina Veterinaria, 
Universidade Federal Rural de Pemambuco, Rua Dom Manoel de Medeiros, s/n-Dois Irmaos, 52171-900, Recife-PE, Brazil. e-mail: erikasamico@ 
hotmail. com 
ABSTRACT: The object of this study was to investigate Toxoplasma gondii 
antibodies and parasite DNA in pigs in the state of Pernambuco, Brazil. 
Blood samples were collected from 305 slaughtered pigs in 11 municipal-
ities, and their sera were tested for T. gondii antibodies using the indirect 
fluorescent antibody test (IFAT, cutoff 1:64); 38 (12,5%) samples were 
positive, Attempts were made to detect T. gondii DNA in the heart tissue 
of seropositive pigs using the B 1 gene and PCR; 21 (55,2%) of the 38 
hearts were positive, This is the first detection of T. gondii DNA in tissues 
of serologically positive swine in the State of Pernambuco, Brazil. 
Toxoplasma gondii infection is common in many species of animals, 
including humans, worldwide (Dubey, 2010), Humans become infected 
mainly by ingesting the parasite in under-cooked meat of infected animals 
or by ingesting food or water contaminated with oocysts shed by cats. 
Domestic swine are considered an important source of infection for 
humans in a number of countries (Dubey and Beattie, 1988; Tenter et aI., 
2000; Dubey, 2010). Worldwide prevalence of T. gondii infection in pigs, 
including in Brazil, was recently summarized (Dubey, 2009, 2010). The 
objective of the present study was to evaluate the occurrence of the 
infection by assaying for T. gondii antibodies and parasite DNA in 
slaughtered swine from a semi-arid region in the State of Pernambuco, 
Brazil. 
Blood and hearts from 305 slaughtered pigs were collected in 11 
municipalities from the State of Pernambuco in the northeast region of 
Brazil. Most pigs were 5- to 6-mo-old. Samples were transported to the 
Laboratory of Infectious-Contagious Diseases of the Federal Rural 
University of Pernambuco. Sera were stored at -20 C. 
Antibodies to T. gondii were determined in swine sera using the indirect 
fluorescence antibody (IFA) as described by Camargo (1974). Whole T. 
gondii tachyzoites of the RH strain were used as antigen and sera were 
diluted 2-fold until 1,024 was reached; a cutoff of 1:64 was used as 
indicative of seropositivity. The fluorescene-conjugated whole molecule 
anti-pig IgG was obtained from Sigma (St. Louis, Missouri) and used at a 
1 :300 dilution. 
For the detection of the T. gondii DNA, samples from the myocardium 
were assayed using PCR followed by nested-PCR (Spalding et aI., 2006). 
These procedures were employed on the positive serologic samples. The 
DNA was extracted from myocardium using a Master Mix Kit (Promega, 
Madison, Wisconsin) according to the manufacturer's protocol. The 
extracted DNA was analyzed and quantified in agarose gel at 0.8% with a 
molecular weight marker of 100 base pairs (bp), stained with ethidium 
bromide, visualized in ultraviolet light, and photo-documented to verify 
quality. 
After DNA extraction, reaction amplifications were carried out in a 
final volume of 12.5 ~ containing 2.5 ~ genomic DNA, 10 J.lM of each 
initiator, 2.75 ~ Mili-Q ultrapure water, and 6.25 J.ll Master Mix 
(Promega) according to the supplier's protocol. The thermal profile of 
the reaction stages was conducted using a MJ-96G thermo cycler (Biocycle 
Co. Ltd., Hangzhou, China) according to the protocol described in 
Spalding (2006). All the negative samples and controls were submitted to 
nested-PCR using 1 ~ of the product of the simple PCR, added to the 
reaction mixture in a final volume of 12.5 J.ll containing 10 J.lM of each 
initiator, 4.75 J.ll Mili-Q ultrapure water, and 6.25 J.ll Master Mix according 
to the supplier's protocol. The cycle of the reactions consisted of an initial 
denaturation of the DNA at 95 C (4 min) followed by 35 cycles at 95 C for 
1 min for the actual denaturation, 62 C for 30 sec for annealing, 72 C for 
1 min for the extension, and a final extension period of 10 min at 72 C. 
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For the first amplification, TOXO-ClITOXO-N1 was used and 
amplified to 197 bp. For the second amplification, TOXO-C2ITOXO-
N2 was used and amplified to 97 bp (Burg et aI., 1989; Spalding et aI., 
2006). DNA extracted from 10,000 tachyzoites of the T. gondii RH strain 
from mouse peritoneum was used as a positive control. The amplified 
products were detected using a 2% agarose gel electrophoresis, stained 
with ethidium bromide, visualized using ultraviolet light, and photo-
graphed. To confirm the identity of the amplified fragments, DNA 
sequencing was used. The analyzed DNA fragments presented similarity 
and identity values with existing sequences in the GenBank, which vary 
from 93 to 99%, where E = Ie - 100. Measures to avoid contamination 
among the samples were followed according to recommendations by 
Kwok (1990), from the collection of the samples until the procurement of 
results. 
Antibodies to T. gondii were found in 38 (12.5%) of 305 sera with titers of 
1:64 in 11, 128 in 11, 1:256 in 8,1:512 in 7, and 1,024 in 1. Seropositivity in 
males (14.3%, 19 of 132) was slightly higher than in females (10.9%, 19 of 
173). Toxoplasma gondii DNA was detected in 6 samples by simple PCR 
and in an additional 15 by nested-PCR. 
In several previous studies, antibodies to T. gondii, parasite DNA, and 
viable T. gondii have been recorded from pigs in various parts of Brazil; 
these were summarized by Dubey and Beattie (1988) and Dubey (2009, 
2010), However, the only previous report from the State of Pernambuco 
and Sao Paulo concerning pigs was that of Caporali et al. (2005), who did 
not separate data by state. In the present study, antibodies to T. gondii 
were found in 38 (12.5% of 305 pigs), and the parasite DNA was detected 
in 21 of these 38 seropositive pigs for the first time in the State of 
Pernambuco. 
The 12.5% T. gondii seropositivity in slaughtered pigs is high, 
considering that 28,000 pigs are slaughtered annually in the State of 
Pernambuco. The finding of T. gondii DNA in 15 samples, only by the 
nested-PCR, suggests a low density of the parasite in the hearts of 
slaughtered pigs. The concentration of T. gondii in the tissues of 
slaughtered pigs is very low and DNA has not been detected in tissues 
of naturally infected pigs in the United States (Hill et aI., 2006). However, 
Silva et al. (2005) reported the presence of T. gondii DNA through PCR in 
19 of the 70 analyzed sausages from 55 establishments in Sao Paulo, and 
Belfort Neto et al. (2007) found T. gondii DNA in 34% of the diaphragm 
samples and 66% of swine tongues from the slaughterhouses of Erechim in 
the southern State of Rio Grande do Sui, Brazil. These results may be 
related to sensitivity of the techniques used or to variability of the density 
of T. gondii in pork. The greater positivity observed in the nested-PCR can 
be explained by the fact that this technique makes use of 2 successive 
amplifications of the first amplification, rendering this as an improvement 
in the specificity and sensibility of the technique (Martins et aI., 2000). 
The results of our present study indicate that the slaughtered swine 
in the micro-region of the Ipojuca Valley, State of Pernambuco, are a 
potential source of infection for humans. 
Thanks are extended to the Coordenacao de Aperfeicoamento de 
Pessoal de Nive1 Supeior (CAPES) for the scholarship given during the 
study. 
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ABSTRACT: Nematode parasites were encountered in kosher-certified fish 
meat and roe, and the question was raised as to whether or not these food 
products were kosher as concerns food preparation standards-a matter 
that pertains to the identity and, by extension, the life cycle of the 
parasites. To ascertain the identities of parasitic nematodes, given the 
distorted or damaged nature of the specimens, molecular techniques were 
applied in the form of DNA barcoding. To our knowledge, this is the first 
application of this technique to an obviously cultural concern as opposed 
to one of health or economic significance. Results, based both on 
cytochrome c oxidase subunits I and n, suggested that the parasite species 
found in the fish products are anisakine species that do not inhabit the 
intestinal lumen of the fish hosts examined. Thus, there was no evidence 
of failure to adhere to food preparation practices consistent with the 
proscriptions of Orthodox Judaism. Notwithstanding the success of DNA 
barcoding in determining at least the higher taxonomic identities of the 
parasites, some shortcomings of the DNA barcoding pipeline as it pertains 
to nematode parasites were encountered; specifically, the paucity of data 
available for the DNA barcoding locus, even for very common nematode 
taxa. 
DNA barcoding promises to allow the rapid and accurate identification 
of all animal species on the basis of I locus, cytochrome c oxidase subunit 
I (COl), to the extent that the locus is unique to all species (Hebert et aI., 
2003; Hebert and Gregory, 2005; Hajibabaei et aI., 2007). While the 
strategy is not without pitfalls or controversies (e.g., Moritz and Cicero, 
2004; DeSalle et aI., 2005; Siddall et aI., 2009), it has quickly captured the 
imagination of even the non-academic public. Already, DNA barcoding 
has uncovered contraband bushmeat (Eaton et aI., 2009) and violations 
of labeling requirements for marketed fish (Wong and Hanner, 2008; 
Lowenstein et aI., 2009) and has allowed accurate identification of 
potentially toxic tuna (Lowenstein et aI., 2010). With a few exceptions 
(e.g., Besansky et aI., 2003; Hansen et aI., 2007; Ogedengbe et aI., 2011), 
this technique has not been widely adopted by the parasitological 
community. In a compelling manifesto, Besansky et al. (2003) argued 
that "nowhere is the gap in taxonomic knowledge more urgent" than with 
parasites and that DNA barcoding holds great potential to "boost the rate 
of discovery" of species diversity and of life cycles. For example, Hansen 
et aI. (2007) were able to distinguish among virulent and non-virulent 
Gyrodactylus specimens, whereas Ferri et al. (2009) called for a 
comprehensive barcoding study of spiruroid nematodes in light of their 
economic impact and health significance, noting that it "allows correlating 
any life stage of an organism, or a small part of it, to a single molecular 
entity." 
In March 2011, 3 rabbinical experts from the Orthodox Union 
approached us with a problem. Canned sardines and preserved capelin 
eggs were being found by consumers to be infested with worms. The 
Orthodox Union is the largest organization that certifies food products as 
kosher and pareve for the Jewish community. The strict supervision of 
food preparation that is entailed in such certification extends an assurance 
of food quality beyond the immediate orthodox Jewish community. 
Approximately 75% of all pre-packaged food has a kosher certification, 
and loss of such certification can hamper the financial viability of a food 
processing company or restaurant. Fish holds a special place in the kosher 
diet as it can be consumed either with meat products (fleishik) or with milk 
products (mi1chik). Thus, prepared fish and fish roe represent sources of 
protein that are eminently flexible during travel or in the context of 
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functions and events outside of the kosher-adherent home. While the mere 
presence of microscopic crustaceans in unfiltered New York City tap 
water renders it non-kosher, such is not the case for nematode worms, 
against the consumption of which there is no kashrut proscription. 
Rather, the presence of worms portends of improper handling during 
which intestinal contents have been allowed to co-mingle with sardine 
meat or preserved capelin eggs in a manner that would compromise kosher 
certification. Fish can harbor nematode life-history stages in musculature 
and elsewhere besides the intestinal lumen; the difference in tissue location 
is predicated on the nematode species in question and its life cycle. As 
such, in what we believe is the first application of DNA barcoding to a 
matter of cultural import, as opposed to one of health or economic 
significance, the Orthodox Union asked us to bring systematic expertise 
and technology to provide definitive data and analysis regarding the 
worms' taxonomic identities. 
Sardines, including 6 whole frozen Portuguese Sardina pilchardus and 7, 
4-ounce tins of prepared fish from Portugal (Sardina pilchardus) and 
Scotland (Clupea harengus) as well as 2, I-Ib samples of Icelandic capelin 
(Mal/otus villosus) roe labeled "masago," each bearing the mark of 
Orthodox Union certification, were examined for nematode worms. A I-Ib 
batch of capelin eggs dyed black yielded 4 worms. A l-Ib batch of capelin 
eggs dyed orange yielded 53 worms. The numbers of nematodes among 
clupeiform fish meat from 4-oz tins were 12, 3, and I from Scotland and 5, 
2, I, and 0 from Portugal. Whole frozen sardines were parasite-free in 
musculature, visceral organs, and intestines. 
All nematode worms found were larval and in various states of 
distortion or damage and, thus, were refractory to definitive morpholog-
ical identification. All 4 worms from black capelin roe, 10 worms from 
orange capelin roe, and all worms from tinned fish were cut in half with 
the posterior portion subjected to DNA extraction with a DNeasy® Blood 
and Tissue (Qiagen Ltd., Valencia, California) protocol. Amplification of 
the barcoding locus was attempted with both universal COl primers 
(Folmer et aI., 1994) and with anisakid-specific COl primers (Cross et aI., 
2006). Following the attempts at molecular identification using this 
barcoding locus, additional amplifications were performed using primers 
no. 210 and 211 for con (Nadler and Hudspeth, 2000). The methods used 
for extraction, amplification, and sequencing of these loci followed those 
of Phillips et aI. (2010) for COl; identical procedures were followed for 
both COl and con. None of the larval worms from tins of sardines 
yielded amplifiable DNA. To enable taxonomic identification of 
successfully sequenced amplicons, comparative COl and COIl sequences 
of representative nematode taxa were obtained from the National Center 
for Biotechnology Information on the basis of highest-scoring BLASTn 
(Altschul et aI., 1990) matches. Alignment of sequences was performed 
using MUSCLE v3.7 (Edgar, 2004) on the European Bioinformatics 
Institute server, applying default settings. Phylogenetic analyses were 
performed in TNT (Goloboff et aI., 2008) using a heuristic search of 5 
random taxon addition sequences, each followed by ratcheting and tree 
fusing, stipulating that the shortest tree must be found at least 3 times. 
The resulting DNA barcoding tree for COl (Fig. IA) suggested the 
presence of at least 4, and perhaps 5, species of parasitic nematodes 
co-mingling with capelin roe. Only I cluster of these unknown worms 
grouped definitively with a previously barcoded species: ORW4 and 
ORW6 were molecularly equivalent on COl to Anisakis simplex. The 
remainder, while clearly grouping among anisakine species as expected, 
did not convincingly associate monophyletically with any of those species 
for which barcodes were available (Fig. IA). 
The overall inconclusive results of DNA barcoding, i.e., employing 
COl, forced our consideration of con for species identification because 
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FIGURE I. Phylogenetic trees derived from parsimony analyses of COl (A) and COIl (B) mitochondrial gene sequences. The prefix "OR" indicates 
that isolates were collected from orange capelin roe; the prefix "BR" indicates that isolates were from black capelin roe. Isolates from tinned fish muscle 
were refractory to amplification of either locus. Differential representation of isolates in A or B is indicative of success of amplification and sequencing of 
the 2 loci. Branches are drawn proportional to amount of change. Inset: nematode larval stages among capelin eggs. Scale bar = I cm. 
more comparative data are available for the latter.The COIl tree (Fig. 1 B) 
was considerably more informative as to identities. As with COl, ORW4 
(and by implication ORW6 in Fig. IA) was reliably identified as Anisakis 
simplex. BRWI was identified as Phocascaris cystophorae. ORW5 
appeared to be a species of Hysterothylacium, while the largest assemblage 
of isolates formed a monophyletic group with European isolates of 
Contracaecum c.f. oscula tum (Fig. 1 B). 
While COIl suggests a second species of Phocascaris, presently there are 
insufficient comparative data in public databases to convincingly identify 
either ORWJZI or ORWJZ5 to species. 
With the exception of some species of Hysterothylacium (K0ie, 1993; 
Adroher et aI., 1996), none of which infect clupeiforms as adult worms, 
none of the species or genera of nematodes identified herein are expected 
to be present in the lumena of fish serving as definitive hosts_ As such, 
there was no positive evidence of intestinal worms (and by implication, 
intestinal contents) co-mingling with capel in roe. Furthermore, Hyster-
othylacium aduncum is the only nematode known to use Iberian sardines 
(Rello et aI. , 2008) as an intermediate host, while this species and Anisakis 
spp. are all that is to be expected from extraintestinal sites of North 
Atlantic herring (McGladdery and Burt, 1985). Based on existing 
knowledge of the life cycles (e.g., Mattiucci and Nascetti, 2008; Moravec, 
2009), we inferred that none of the worms found occur in the intestinal 
lumen a of the hosts examined. Provided with the foregoing, the Orthodox 
Union issued a decision in June 2011 that, whereas the increased 
prevalence of nematodes in these samples might be alarming and perhaps 
unsightly, the products nonetheless were kosher and there was no evidence 
of any failure to adhere to food preparation practices consistent with 
Orthodox Judaism (Daf Hakashrus, 2011). 
To our knowledge, this is the first case in which molecular taxonomy 
and an attempt at DNA barcoding have been brought to bear on an issue 
of cultural or religious significance. As satisfying as that is, it remains that 
COl, the central tenet of DNA barcoding, is obviously under-utilized 
by nematode parasitologists. The fact that species as ubiquitous as H 
aduncum and C osculatum each await even 1 definitive DNA barcode is as 
remarkable a finding, as is the presence of so many nematode species (and 
specimens) among capelin eggs that one may find on a grocer's shelf. The 
task before the parasitological community is as clear as is the potential for 
funding. Echoing each of Ferri et aI. (2009) and Besansky et aI. (2003), 
now is the time to create a large molecular taxonomic database for 
parasitic worms, particularly those that are more likely to be encountered 
in identification-refractory larval stages such as those in fish tissues. These 
efforts should simultaneously adhere to several desiderata, i.e., reference 
barcodes from adult worms from definitive type hosts from type localities 
(Kvist et aI., 2010), representative barcodes of larval stages from the 
widest range of intermediate hosts, and representative barcodes from 
known or suspected geographic ranges_ The promise that DNA barcoding 
holds for distinguishing virulent and non-virulent species and strains has 
already been demonstrated (Hansen et aI., 2007), with obvious implica-
tions for treatment costs in aquaculture. The potential of this tool for 
discovering intermediate hosts and elucidating parasite life cycles is as 
great as is its potential to suggest levels of species diversity as-yet 
uncovered by traditional methods_ Parasite systematics, ecology, ethology, 
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and epidemiology each stand to benefit enormously from a concerted 
effort to characterize organisms at a molecular level. 
We thank rabbis Chaim Loike, Chaim Goldberg, Donneal Epstein, and 
Eli Gersten of the Orthodox Union for entrusting us with this issue as well 
as for participation in the discovery of specimens amidst fish tissues. This 
research was possible through the support of the Sackler Institute of 
Comparative Genomics at the American Museum of Natural History. 
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